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The Mammoth Cave System of south central Kentucky encompasses more than 
560 km of surveyed cave passages. The largest groundwater basin (244 km2) found within 
this cave system emerges from the Turnhole Bend Spring on the Green River. During high 
flow conditions, water from this groundwater basin will spill over into the Echo River section 
of the cave. Previous research, including cave mapping and dye tracing (Quinlan and Ray, 
1989; Currens and Ray, 1998; Coons, 1994), has delineated the boundaries of spring 
groundwater basins for numerous springs along the Green and Barren Rivers. These data 
showed that 60% of the water that flows through the Turnhole Bend Aquifer comes from 
beyond the boundaries and protection of Mammoth Cave National Park. This area outside the 
park is crossed by several major transportation routes, including Interstate 1-65, U.S. 
Highway 31 -W, and CSX Railroad. Because the Turnhole Bend Aquifer is crossed by these 
major transportation routes, the aquifer is vulnerable to contamination from accidental spills 
of hazardous materials. 
Dye tracing methods were utilized to better delineate the boundaries and sub-basins 
of the Turnhole Bend Groundwater Basin along Interstate Highway 1-65. The approximate 
boundaries developed by previous research by others were first used to located areas that had 
not been previously dye traced. Fluorescent dyes were used as tracers and were detected by 
both qualitative (yes/no) methods and by quantitative (discrete water sampling) methods. 
Data from quantitative dye traces performed during this research provided additional 
information on the behavior of water flow into and through the maturely karstified 
limestones found in the south central Kentucky karst. 
Dye traces performed during the wet season, late winter and spring, have shown that 
average flood pulse groundwater flow velocities often exceed 1 km/hr. These high flow rates 
are contrasted by flow rates in the order of 0.5 km/day during the summer when 
evapotranspiration is high and rainfall is less frequent. Data from the quantitative dye traces 
also indicate a significant difference in the residence times of the dye between the wet and 
dry seasons. Dye that was injected during the wet season had a relatively short residence 
time in the cave streams of approximately 2 to 3 days. Dry season quantitative dye traces are 
very different with residence times of over 12 days being recorded. This information is vital 
in determining the consequences of a sudden release of hazardous materials within the 
drainage basin of Mammoth Cave and demonstrates that emergency planning is crucial. 
CHAPTER I 
INTRODUCTION AND STATEMENT OF PURPOSE 
1. Introduction 
The Mammoth Cave System, in south-central Kentucky, is currently the longest 
known cave system in the world. With connections to Flint Ridge, Roppel, and Procter 
Caves, Mammoth Cave has been surveyed to a length of over 560 km of passages 
(Mammoth Cave National Park, 1995). In 1941, the land surrounding Mammoth Cave 
became a National Park, primarily to preserve the natural and cultural aspects of this 
large cave system. Mammoth Cave National Park was distinguished in 1981 when the 
United Nations conferred World Heritage Site status for the ecological, cultural, and 
archaeological significance found within its boundaries. In 1990, the Park also became 
an International Biosphere Reserve because of the unique ecosystem contained within the 
cave and the lands that surround the cave (Mammoth Cave National Park, 1995). This 
Biosphere Reserve status goes beyond the boundaries of the Park because the cave 
system, and its watershed, extends many kilometers outside the Park. 
There are several groundwater basins within the Mammoth Cave system (Quinlan 
and Ray, 1981, rev. 1989), with the largest being Turnhole Bend, Echo River, and Pike 
Spring basins (Figure 1). The Turnhole Bend basin differs from the other two basins in 
that the majority of its recharge area is outside the National Park's boundaries. The 
location of the recharge area has impacted the water quality of the cave system primarily 
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Figure 1. Groundwater basins in the Mammoth Cave region. Taken from 
Quinlan and Ray, 1981. 
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attributable to non-point source pollutants entering the cave streams (Brucker, 1979; 
Meiman, 1991). The pollutants found in Mammoth Cave's stream passages are similar to 
those found in many surface streams and include barnyard wastes, pesticides, fertilizers, 
septic tank effluent, petroleum products, and pavement runoff. During base flow the 
water quality is relatively good in the cave streams; however, contaminant levels sharply 
increase during flood pulses because of runoff contamination (Meiman, 1991). 
One of the greatest threats to the water quality in Mammoth Cave comes from 
sudden releases of hazardous materials onto the aquifer's recharge zone. Such releases 
can occur both intentionally or accidentally and can result in the direct introduction of 
contaminants into the groundwater. Hidden River Cave in nearby Horse Cave, Kentucky, 
is a perfect example of an extensive cave system that has been damaged by intentional 
point source pollution from municipal sewer systems, a metal plating facility (Lewis, 
1993), and a creamery (Quinlan et al., 1983; Foster, 1994). Rapid groundwater flow in 
the south-central Kentucky karst allows contaminants to flow rapidly through cave 
streams and conduits to emerge at base-level springs. Interstate Highway 1-65, U.S. 
Highway 31-W, and the CSX Railroad all pass across the groundwater recharge basin of 
Mammoth Cave. If an accidental spill occurs along one of these routes within the 
Turnhole Bend groundwater basin, the groundwater could become seriously 
contaminated with a good possibility of damage to the unique cave life found within the 
karst groundwaters. Pre-accident readiness is necessary to help lessen the chances of an 
accidental spill from severely contaminating the groundwater within the Mammoth Cave 
aquifer. This pre-accident readiness should include spill response, site remediation, and 
hazard mapping (Quinlan, 1986; Aley and Aley, 1991; Meiman et al., 1996). 
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2. Statement of Purpose 
In order to respond most effectively to the possibility of spills along the 
transportation routes in the headwaters of the Mammoth Cave System, detailed 
hydrologic data concerning groundwater flow and recharge are required. This thesis has 
two major goals: 1.) Delineate the sub-basin drainage divides for the Turnhole Bend 
Spring groundwater basin along 1-65; and 2.) Analyze the physical characteristics of 
groundwater recharge and flow along with accident data to identify any areas with a 
greater susceptibility to accidental contamination. The sub-basin drainage divides of the 
Turnhole Bend basin along 1-65 were delineated utilizing dye tracing techniques. 
Quantitative dye tracing techniques were used to determine groundwater flow 
characteristics including time of travel and residence time. These factors along with 
physical soil properties, bedrock solutional features, water table data, hazard mapping, 
and accident statistics were used to help assess the risks to the groundwater of Mammoth 
Cave. Information gained in this study augments the recently prepared hazard map book 
(Meiman et al., 1996) developed by Park personnel. 
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CHAPTER II 
LITERATURE REVIEW 
1. The South-Central Kentucky Karst 
The Mammoth Cave region has been studied by numerous scientists, with the 
complete bibliography of karst related research at Mammoth Cave National Park having 
more than 200 entries (Meiman, 1993). Among the most significant works are those of 
Quinlan and Ray (1981, rev. 1989), Palmer (1981), White and White (1989), and Currens 
and Ray, (1998a, 1998b). Quinlan and Ray (1981, rev. 1989) published a regional 
groundwater map for the Mammoth Cave area (Figure 1). The map was based on more 
than 500 dye traces, along with cave maps, potentiometric surface data, and surface 
streams. These data were utilized to map the groundwater flow paths and subsurface 
drainage divides between spring recharge areas within the south-central Kentucky karst. 
Quinlan and Ray showed that groundwater flows to several large springs along the Green 
and Barren Rivers with the Turnhole Bend, Graham Springs, and Gorin Mill (Bear 
Wallow) basins having the largest watershed areas. From this map, one can easily see 
that the Mammoth Cave System, its aquifer, and its recharge zone, extend well beyond 
the Park's boundaries. 
Palmer's (1981) A Geological Guide to Mammoth Cave National Park is an 
excellent reference book dealing with the geology of the Mammoth Cave region. Many of 
the geologic aspects of the cave system and the region are discussed. The information 
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includes the history of the cave, both in geologic terms and in human terms as well. 
Regional geology and structure are discussed along with information on regional 
hydrogeology. Cave passage types were analyzed, especially as reguards their relation to 
the various rock formations encountered by the cave. Palmer also discussed the 
progression in the formation of the cave and the roles the localized dip and strike 
variations within the bedrock have played on the cave system. The role of the water table 
is also discussed, especially in relation to passage cross sections. 
White and White's (1989) Karst Hydrology - Concepts from the Mammoth Cave 
Area is also an excellent reference that is effectively a summary of research performed in 
the Mammoth Cave area up to that time. Many of the principal scientists who worked in 
the area made contributions to this book. The hydrogeology of the south-central 
Kentucky karst is studied which includes subsurface drainage, water budgets, physical 
hydrology, flood hydrology, chemical hydrology, regional cave systems, hydraulic 
geometry of cave passages, fracture controls on conduit development, stratigraphic 
control of cave development, and geomorphic history of the Mammoth Cave system. 
The latest summaries of karst drainage basins and dye traces in the south-central 
Kentucky karst were published by Currens and Ray in 1998. These maps were 
constructed with the USGS 30x60 minute topographic quadrangles as base maps. The 
Beaver Dam and Campbellsville quadrangles have been published and cover the study 
area. The information contained on these maps is a summary of dye traces performed by 
numerous researchers and cavers. Data includes all of the dye traces on the Quinlan and 
Ray (1989) map, plus numerous additional dye traces, including the dye traces performed 
during this thesis research. 
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Other significant works dealing with karst hydrogeology in the Mammoth Cave 
System include those of Quinlan and Rowe (1977), Hess and White (1988), Meiman et 
al. (1988), Meiman (1991), Ryan (1991), Ryan and Meiman (1996), Murphy (1992), and 
Hall (1996). These are discussed in more detail as follows: 
Quinlan and Rowe (1977) completed an important analysis of groundwater flow 
and quality for the region and showed that groundwater was contaminated in the Hicks-
Hidden River Cave System (Gorin Mill groundwater basin) and within the Graham 
Springs Groundwater Basin. With both of these large groundwater basins being adjacent 
to the Turnhole Bend aquifer, the vulnerability of Mammoth Cave to human actions was 
suggested. They also showed that a large area can become contaminated because of the 
distributary nature of several of the groundwater basins identified. This distributary, 
versus tributary, system involves both the branching out of cave passages in the 
downstream direction as well as water overflowing into adjacent cave passages during 
flood pulses to resurge at several springs along the Green River. The distributary nature 
was partially proved by analyzing water samples from springs along the Green River for 
heavy metals, known to be carried in wastewater discharge from Horse Cave. Dye traces 
later confirmed that the underground drainage system is much more complicated than a 
simple system of tributary passages that exit one spring. 
Hess and White (1988) utilized water chemistry data to characterize aquifer 
response to flood events. The researchers used specific conductance, temperature, and 
stage data and correlated the arrival of certain events by noting the changes to certain 
parameters. They noted a decrease in specific conductance after a corresponding increase 
in stage. During the summer, the temperature of the cave water also showed an increase 
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at the same time that the conductance dropped. The warmer water signaled the arrival of 
recharge from runoff during rain events. In addition, they noted that the initial flow, with 
the higher specific conductance readings, was from groundwater storage, most likely in 
phreatic conduits. The higher conductivity readings are from a greater concentration of 
dissolved minerals in the water. This greater concentration is from phreatic water having 
more residence time in the cave passages and therefore a longer time to dissolve the 
limestone in the conduit. The reduction in conductivity of the water is from stormwater 
inflow into swallets and sinkhole drains. This newly injected water quickly flows 
through the conduits and thus has less time for dissolution to occur. 
The physics and chemistry of flood pulses were studied by Meiman (1991) and 
Hall (1996). They utilized water sampling along with stage and flow data to determine 
the signatures of contaminants found in groundwater. Their research showed that 
contaminants injected into the karst during recharge events have a different mass-flux 
signature when graphed, depending on their source. The mass-flux signature of a 
contaminant is determined by taking the product of the concentration (mg/L) and the 
discharge (Lps). The product gives a unit mass per time value (mg/sec) of the material 
being studied and is plotted versus time. Contaminants that are relatively constantly 
released (example, septic tank effluent) into the groundwater will become diluted during 
high-flow events with a corresponding decrease in concentration during flood pulses, 
although the mass amount per unit time is relatively constant. 
The opposite happens with contaminants that are flushed into the karst only 
during recharge events. Examples of contaminants that are primarily injected into the 
karst during recharge events include barnyard wastes, pesticides, roadway oil buildup, 
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and sediment. The mass-flux signature for these contaminants is a sudden increase in the 
mass level of that particular contaminant. This relationship shows the actual quantity of 
contaminants that are passing through an aquifer. 
Meiman (1991) used these criteria and applied them to several of the known 
groundwater recharge areas in the Mammoth Cave area. Four sampling locations with 
different recharge area land utilization were chosen. These areas were heavy agriculture, 
light agriculture, park/heavy agriculture, and park lands. Variables monitored included 
chloride, fecal coliform, stage, and discharge. This research showed a direct correlation 
between pollutant sources and their mass flux signatures. The results of his studies 
confirmed the connection between land use and the water quality in the groundwater of 
the south-central Kentucky karst. 
Quantitative dye tracing by Ryan (1991) and Murphy (1992) added even more 
information about the south-central Kentucky karst aquifer. Ryan (1991), along with Joe 
Meiman, Park hydrologist, designed and constructed a flow-through filter fluorometer to 
perform real-time quantitative dye traces. This device was submerged directly into 
springs and made nearly continuous readings of fluorescence when the dye slugs passed. 
A more accurate breakthrough curve was achieved due to a greater continuity of the data. 
Murphy (1992) utilized this device to study flood pulses that travel through Mammoth 
Cave's river passages. Murphy conducted several dye traces within the Turnhole Bend 
groundwater basin. These traces showed that phreatic water flow is generally slower than 
the water flow through the vadose (unsaturated) portion of the aquifer. Murphy also 
showed that a relationship exists between the Logsdon River and its conduit adjacent 
storage by observing a secondary dye breakthrough peak during quantitative dye tracing. 
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This relationship involves the storage of groundwater during flood pulses in cave 
passages, bedding plains, and fractures in the bedrock that are connected to the main 
trunk passages. 
More recent information about short term water quality variations was obtained 
by Ryan and Meiman (1996). High-frequency, flow-dependent water sampling during 
precipitation events was carried out within the Big Spring groundwater basin located in 
Mammoth Cave National Park. This spring is located north of the Green River and 
drains a relatively small basin of approximately 14 km . This groundwater basin is 
relatively long and narrow and is bisected by the national park's boundary. The two 
halves of the basin have different land uses with the upper reaches being light agricultural 
and the other half being wooded park lands. Two sampling periods were initiated with 
discharge, turbidity, specific conductance, and fecal coliform data being taken. Because 
of the differences in land use, the runoff closest to the spring would resurge at the spring 
before the more distal area's runoff would. By utilizing quantitative dye tracing 
techniques, the runoff from these two areas was tagged. These data, along with the water 
quality results were compared for the two sections of the basin. The results were a direct 
correlation between land use and water quality variations. They showed that two non-
point source pollutants, suspended sediment and fecal coliform, levels increase 
dramatically during runoff events. These values were highest after peak discharge and 
coincided with the arrival of the water from the more distal area of the basin. This study 
showed the importance of high-frequency (bi-hourly) water sampling relative to 
determining the water quality of a spring. The high frequency of the sampling is because 
the water quality is only temporally degraded. 
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2. Karst Hydrogeology 
Karst and its associated landscape and subterranean features are formed by the 
dissolution of bedrock by groundwater. Karst develops under many different geologic 
and hydrologic conditions but all have one common feature: water flow through 
solutionally enlarged conduits located in the bedrock. The actual surface features in 
karst regions vary from one region to another. The most common include sinkholes, 
sinking streams, dry creek beds, springs, pits, nonintegrated surface drainage, thin soils, 
and cave entrances. The underground features also vary from one region to another, 
with some common features including caves, conduits, and solutionally enlarged 
fractures and joints. The various types of karst features have been discussed in detail by 
Milanovic (1981), White (1988), and Ford and Williams (1989). Karst regions all feature 
the presence of relatively soluble rocks with limestone (CaC03) and dolomite ((Mg,Ca) 
(003)2) as the two most common. The karst areas of south-central Kentucky are formed 
in Paleozoic sedimentary rocks that are Mississippian in age. A shallow, regional dip 
away from the axis of the northeast-southwest trending Cincinnati Arch exists in the 
Mammoth Cave area. The high solubility of the Mississippian limestones has allowed 
groundwater to form a large number of caves throughout the region. 
Groundwater movement through a carbonate aquifer can be divided into two end 
member types: diffuse and conduit flow (White, 1988). Diffuse groundwater flow 
occurs within the inner-connected pore spaces or small fractures of a geologic formation 
and the regolith that overlies it, and is characterized by relatively slow, laminar water 
flow. Conduit groundwater flow, on the other hand, is characterized by turbulent, fast 
water flow through discrete channels with flow velocities often in the 1 km/hr range, or 
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greater. The general flow regimes found in karst regions are usually a combination of 
diffuse flow and conduit flow (White, 1988). This section will briefly discuss flow 
regimes and the vadose and phreatic zones of carbonate aquifers. A conceptual karst 
groundwater model by Gunn (1985) (Figure 2) is a good representation of the flow types 
and paths found in the south-central Kentucky karst. 
Diffuse groundwater flow occurs in the regolith (soil, sediment, and fill) and in 
the intergranular pore spaces of the geologic formations. Where carbonate rocks are 
overlain with sandstones or thick soils, diffuse flow can be one of the major contributors 
to base level flow in the conduits during the drier periods of the year (White, 1988). 
Diffuse flow also occurs within the inner-granular pore spaces (primary porosity) of the 
bedrock at Mammoth Cave, and other similar limestone areas with very low intergranular 
pore spaces, and is generally considered to be capillary flow (Palmer and Palmer, 1995). 
The porosity in some limestones is so small that they are considered a confining layer, 
especially if the rock has little or no secondary porosity for water flow (Crawford and 
Ulmer, 1993; Fetter, 1994). 
Many karst drainage systems receive a significant amount of their base flow from 
sinking surface streams that are recharged by diffuse groundwater flow. Two examples 
include the area east of Park City, Kentucky, where a series of surface streams form 27% 
of the recharge to the Turnhole Bend Spring groundwater basin (Hess and White, 1988), 
and surface streams that flow off Tennessee's Cumberland Plateau Pennsylvanian 
clastics onto Mississippian limestones (Crawford, 1987 & 1989a). The diffuse flow 
component of a karst aquifer is only a small portion of the total discharge from a karst 
drainage basin 
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Figure 2. Conceptual model for conduit flow dominated karst aquifers showing 
recharge, flow, and storage. The numbered transfer mechanisms refer to 
1) overland flow (runoff), 2) through flow, 3) subcutaneous (epikarst) flow, 
4) shaft flow, and 5) vadose flow (Gunn, 1985). 
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during high flow conditions that occur during rain events when infiltration and runoff are 
the primary inputs in the water balance equation (Hess and White, 1989). 
Conduit flow occurs within the interconnected, secondary openings in the 
bedrock formed by limestone dissolution by carbonic acid in the groundwater. The 
conduits, both vadose and phreatic, develop along areas of greater secondary porosity, 
bedding plains, joints, and fractures (Palmer, 1990; Fetter, 1994). The larger conduits 
form where the groundwater flow is concentrated for an extended period of time. 
Aquifer recharge in a karst system consists of base flow from groundwater storage and 
from infiltration and runoff during precipitation events. Because of the low primary 
porosity of limestone, most of the water is held in secondary openings that include 
solutionally enlarged bedding plains, joints, and fractures (Fetter, 1994). Base level flow 
during the drier months (in the southeastern states during the late summer, fall, and early 
winter) is often very low to even nonexistent at some springs and in many vadose cave 
stream passages. Any sustained water flow in cave streams and springs during drier 
periods is from diffuse groundwater recharge of sinking streams (allogenic recharge), 
from the diffuse component (autogenic recharge) of the epikarst (or subcutaneous zone, 
the uppermost weathered portion of the bedrock), and the diffuse component of the 
bedrock below the water table (Williams, 1983; White, 1988). 
Karst systems can respond very quickly to rain events and can cause caves to 
flood to their ceilings in a matter of minutes in response to rainfall (Meiman et al., 1988; 
Quinlan et al., 1983). During the beginning of precipitation, the water is absorbed by 
plants and soil. When the soil nears saturation, water infiltrates through macropores and 
enters the karst through solutionally enlarged joints (cutters) and fractures (Crawford and 
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Reeder, 1989). If there is sufficient rainfall, surface runoff will occur. In a mature karst 
setting, all runoff will flow into a nearby sinkhole or sinking stream. Once the rainwater 
has entered the karst through the macropores, solutionally enlarged joints, sinkhole 
drains, and swallets, the water will move downward through the vadose zone by vertical 
percolation and vadose conduit flow with the final destination being base level (White, 
1988; Fetter, 1994). 
The vadose zone of a karst aquifer is very sensitive to pollution because most 
contaminants can pass quickly through the vadose zone to the water table. The vadose 
zone is the location of many contaminants that help sustain or prolong nonpoint source 
pollution in karst areas (Crawford, 1989b). The destination of vadose water is the water 
table and ultimately the base level cave streams which discharge at springs. Groundwater 
storage above the water table takes place in small bedrock fractures, pore spaces in the 
bedrock, in the soil, and within pooled water found in vadose conduits. 
Below the water table is the phreatic, or saturated, zone, where all of the spaces in 
the rock are filled with water. Tubular shaped cave passages form in the phreatic zone 
and tend to meander. These passages often follow the bedding plains along the strike of 
the bedrock in relatively flat carbonate rocks (Palmer, 1990). Conduits are found in the 
phreatic zone but are more difficult to explore because they are filled with water; 
however, paleo-phreatic tubes are easily observed by cavers. These passages are often 
the remnants of an older upper level passage of a cave whose base level has lowered in 
association with that of the master surface stream. These paleo-phreatic cave passages 
sometimes will transmit large volumes of water during flood pulses, as overflow routes. 
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3. Groundwater contamination in karst regions 
Groundwater contamination in karst areas is a major problem attributable to the 
fast rate of groundwater flow through solutionally enlarged conduits. Contaminants 
spilled on the surface either will pass through or adsorb onto soils that are directly above 
the open aquifer system or will flow into the karst through drains in sinkholes or at 
stream swallets. Contaminants stored in the vadose zone will be released when rainwater 
passes through the system and flushes the contaminant directly into base level cave 
streams. Contaminants that are bonded to soil and sediment particles can be carried 
through the karst as suspended load of cave streams thereby allowing hazardous materials 
that would otherwise be held in the regolith to enter the karst (White, 1988; Mahler and 
Lynch, 1999). In addition, contaminants that are held in the soil will be released into the 
karst at a slower rate than contaminants entering the karst through a swallet. This storage 
of contaminants in the soil will in effect increase the length of time that the aquifer will 
be affected by a spill because of an increase in residence time of the contaminant. A 
major problem with many of the contaminants in karst aquifers that does not occur in 
porous-media, laminar-flow aquifers is the damage to unique cave life, such as eyeless 
cave fish, cave salamanders, and cave crayfish. With a single spill an entire population of 
these highly specialized animals can be destroyed (Habic, 1993). 
There are two basic types of groundwater pollution: nonpoint source and point 
source. Nonpoint source pollution is the combined total of numerous small but 
widespread pollution sources. Examples of this type include septic systems, highway 
runoff, urban runoff, construction related erosion, barnyard wastes, farming chemicals, 
sinkhole dumping, and leaks (Crawford and Reeder, 1989; Crawford, 1995). 
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Groundwater quality in Mammoth Cave National Park has been adversely affected by 
nonpoint source pollution. Contaminants including bacteria, herbicides, pesticides, 
nitrates, and petroleum products flow through the Mammoth Cave aquifer (Meiman, 
1991). When the Hawkins River, a tributary of the Mammoth Cave System, was 
discovered in 1979, cavers found numerous dead and dying crayfish (Brucker, 1979). In 
addition, fumes were smelled by the author during several of the trips into the cave for 
dye receptor replacement. These fumes may have come from pesticides and herbicides 
that were washed into the cave streams during the previous rain events. 
Point-source pollution comes from two sources: intentional dumping and 
accidental spills. Intentional dumping of hazardous chemicals is not rare in karst terrains 
and cases of dumping within the south-central Kentucky Karst have included creamery 
wastes, metal plating waste, and city sewage effluent (Quinlan et al, 1983; Lewis, 1993; 
Foster, 1994). Intentional dumping of hazardous materials has devastated the unique life 
found in caves and their streams. An example of intentional dumping is found in the 
Hidden River/Hicks Cave system within the Gorin Mill drainage basin (Quinlan and 
Rowe, 1977; Quinlan and Ray, 1989) which is adjacent to the Turnhole Bend 
groundwater basin. The cave is currently recovering after many years of serious 
contamination from the above referenced sources but still has major water quality 
problems. Pollution from nonpoint sources and some residual contamination from past 
dumping is still flowing through the cave. Because of the rapid transport of water 
through the Hidden River system, the recovery of cave life has occurred relatively 
quickly due to the flushing of contaminants out of the cave system (Lewis, 1993). 
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The threat to groundwater from accidental spills is quite high in any location 
where hazardous liquids are transported (Quinlan and Ray, 1991). One notable example 
of a major spill in a karst terrain is the Lewisburg, Tennessee, train derailment of 1990. 
Approximately 60,000 liters of chloroform and 20,000 liters of styrene were spilled 
(Crawford and Ulmer, 1993). The materials went directly into the karst aquifer through 
the soil and its associated macropores with virtually no attenuation. The material was 
detected several kilometers away at a small spring. Because chloroform is a DNAPL 
(dense non-aqueous phase liquid), the material has gone deep into the karst. 
Approximately 20,000 liters of chloroform have been recovered from the spring. Low 
levels of the contaminants are continuing to come out at the contaminated spring 
(Crawford and Ulmer, 1993). 
With several major transportation lines crossing the Mammoth Cave Aquifer, the 
possibility exists for an accident of this type. In 1991 (Kentucky State Police) a total of 
181 commercial vehicle accidents occurred in the state involving hazardous material 
cargo, with 40 of them occurring on interstate highways. Statistics within the study 
section of 1-65, between January 1995 and May 2001, show that there were 91 accidents 
involving commercial vehicles out of 483 total accidents for the period. In addition, there 
were 2 accidents involving hazardous cargo with no releases reported (Kentucky State 
Police, 2001). Other information states that a high number of accidents occur during rain 
events (Kentucky State Police, 1991). Accidents that occur during a rain event may make 
a spill worse by flushing a hazardous material into a sinkhole drain. 
Groundwater quality and contamination from highway runoff drainage in karst 
areas with turbulent flow through conduits are much different than in areas with porous 
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media, laminar groundwater flow (Bellinger et al., 1982). In areas with laminar 
groundwater flow, the runoff from roadways will go to a surface stream, infiltrate into the 
soil, or evaporate. Contaminated water that infiltrates into the soil may become less of a 
threat to groundwater through several mechanisms including biological- and photo-
degradation, sorption by clays, and ionic bonding of metals to clays. These factors can 
reduce the amount of contaminants that will reach groundwater (Bell and Wanielista, 
1979). However, in karst areas, runoff often flows to sinkholes or sinking streams that 
directly recharge the aquifer with little or no filtration of contaminants (Royster, 1984). 
Water infiltration through macropores in the soil is another major factor in karst 
areas. Macropores in the soil's structure are preferential pathways for the rapid 
transportation of water through the soil (Crawford, 1989b). It has been estimated that as 
much as 95% of infiltration water may flow through macropores in the soil which greatly 
reduces the absorption of contaminants into the soil in karst areas (Quinlan and Ray, 
1991). Results of one study showed that as much as 8% of the surface applied amount of 
the popular herbicide Atrazine was found within the macropore flow water (Ahuja et al., 
1993). With direct discharge to the underground system of conduits, the effects of 
evaporation, photo-degradation, and absorption are not utilized in reducing contaminant 
levels from highway runoff. Studies have been performed on the water quality from 
highway runoff and several important observations have been made. Roadway runoff 
contains both particulates and dissolved constituents with heavy metals and oils being the 
primary pollutants (Bell and Wanielista, 1979; Clark et al., 1981). They found that 
contaminant concentrations are generally highest during initial runoff, especially after a 
dry period because of accumulated surface contaminants. The high amount of 
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contamination during the initial runoff is referred to as the first flush phenomenon. The 
levels of contaminants from runoff were found to be highest in urban areas with 
contaminants from rural highways being proportional to the amount of traffic (Hoffman 
et al., 1985). 
4. Highway design problems in karst regions 
Highway design problems in karst areas differ from those in areas with diffuse 
groundwater flow in several ways, including drainage design and probability of sinkhole 
collapse and subsidence (Hubbard and Balfour, 1983; Moore, 1981 & 1987; Fischer et 
al., 1993). The goal of any highway drainage design is to remove the water from the 
road as efficiently as possible. In many areas removal is easily achieved through the use 
of crowned lanes, median drains, culverts, ditches, and drain wells, but these solutions 
sometimes lead to problems in a karst setting. A major problem along highways in karst 
areas is subsidence and collapse. There are two basic types: 1) regolith collapse and 2) 
bedrock collapse (Newton, 1976; Newton and Tanner, 1987; White and White, 1992). 
Regolith collapses have been found to be more common in the sinkhole plain area of 
south-central Kentucky than bedrock collapses and are often related to drainage 
modifications (Crawford, 1989b). The primary mechanism for regolith collapse along 
highways in karst areas is from the rapid transport of soil particles into voids within the 
bedrock (White and White, 1992). Where an opening in the bedrock is available to take 
water, usually a enlarged joint or sinkhole drain, soil may be transported into and through 
the karst flow system. Regolith collapses are caused from three basic phenomena: 1) 
fluctuations of the water table, 2) concentrated runoff, and 3) lowering of the water table, 
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usually by pumping. Fluctuations of the water table can result in removal of regolith 
within and above solutionally enlarged bedrock openings. Soil particles can go down 
into cave streams when the water table returns to base level after rain events and results 
in the formation of a regolith arch or soil void (Figure 3). These voids are common in 
some karst areas but can take many years to show at the ground surface. 
Change in surface runoff characteristics is the primary cause of regolith collapses. 
These often occur because of the concentration and ponding of runoff resulting from the 
increased runoff from non-permeable surfaces such as asphalt, concrete, and building 
roofs (Figure 4) (Crawford, 1989b; Moore, 1984). The coefficient of runoff, the 
percentage of rainfall that will run off a given surface, ranges from 0.70 to 1.0 for 
highways and buildings to 0.0 to 0.60 for soils (Seelye, 1960). Highway runoff that is 
collected in culverts and concrete ditches may be released onto the land surface and 
concentrated on a relatively small area. The result is greater amounts of water being 
transported through the karst, which can increase both the velocity and quantities of water 
(White and White, 1992). With this increase in downward water flow, soil particles are 
more likely to be eroded and carried through the karst aquifer, in some cases resulting in 
soil collapses. 
R g u r e 3. Diagram showing s i t*M= coilapses resuming fern water table 
fluctuations (Crawford, 1995) 
Figure 4. Diagram showing sinkhole collapses resulting from the concentration of 
runoff from manmade structures such as roads, buildings and parking lots 
(Crawford, 1995). 
CHAPTER III 
STUDY AREA 
1. Location 
The Turnhole Bend Spring groundwater basin is located in south-central 
Kentucky and occupies parts of Barren, Edmonson, Hart, and Warren counties. The area 
includes portions of the Mammoth Cave Plateau (Chester Cuesta) and the Pennyroyal 
Plateau (Figure 5). 
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Figure 5. Regional map showing the location of the study area and major surface 
rock types (Palmer, 1981). 
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2. Hydrogeology 
The Turnhole Bend Spring Groundwater basin covers approximately 244 km2 
(Quinlan and Ray, 1989) and overlies 3 distinct physiographic provinces (White and 
White, 1989). The Mammoth Cave Plateau is a sandstone-capped plateau that has been 
breached in many places forming deep and broad karst valleys. It comprises 
approximately 33% of the Turnhole Bend basin (Hess and White, 1988). The uppermost 
rock unit exposed along the ridge tops is the Pennsylvanian Pottsville (Caseyville) 
Sandstone (Palmer, 1981)(Figure 6). This rock unit is underlain by the Mississippian 
Glen Dean Limestone, Hardinsburg Sandstone, Haney Limestone, and Big Clifty 
Sandstone (White and White, 1989). All of these rock units are found above the 
Mammoth Cave System and are very important in the development, and protection, of 
this vast cave system. Possibly the two most significant members of the upper rock units 
are the Haney and Big Clifty formations. Although the Haney Limestone is typically 
only approximately 12 m thick (Palmer, 1981), it forms an aquifer that discharges along 
the contact with the underlying Big Clifty Sandstone. Much of the recharge of this 
aquifer is from seepage from the overlying clastic rocks. This zone of springs and seeps 
is referred to as the Dripping Springs Escarpment. The Big Clifty Sandstone (a member 
of the Golcanda Formation) is often referred to as the cap rock of the cave system. This 
sandstone varies from about 15 to 18 m thick (Palmer, 1981) and is directly underlain by 
the karstic Mississippian limestones that have made this region famous. The capping 
effect of this sandstone is attributable to its resistance to weathering and in essence 
protects the cave system below (Palmer, 1981; White and White, 1989). The location of 
this cap rock sandstone directly above soluble limestone has resulted in the formation of 
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many deep vertical shafts (dome-pits) along this margin. Water from small drainage 
channels and springs will sink at or below the contact with the Girkin Limestone and 
vertical shafts will form (Brucker et al., 1972). 
The Pennyroyal Sinkhole Plain occupies approximately 40% of the basin and 
consists of an area with a high concentration of sinkholes with internal drainage (Hess 
and White, 1988). There are no surface streams in this area, with the exception of short 
wet-weather streams that terminate in the larger sinkholes. The sinkhole plain is 
contained within the highly karstic Ste. Genevieve Limestone and the upper portions of 
the St. Louis Limestone and has a relatively thick mantle of residual and colluvial soil. 
The thickness of the soil overburden and the uneven profile of the bedrock surface have 
resulted in a rolling terrain with small hills and ridges between sinkhole basins. The 
formation of the sinkhole plain has been influenced by the Lost River Chert (Howard, 
1963 & 1968). The formation of solutionally enlarged conduits from these sinkholes has 
resulted into an integrated system that carries water to base level cave streams that 
converge to exit at springs along the Green and Barren Rivers. Although some of the 
sinkholes are formed where the Lost River Chert has been breached, other chert beds and 
shaley zones are also influential in the formation of the sinkholes (Howard, 1968). In 
addition, some of the larger karst depressions are the result of a cavern collapse or the 
coalescence of many smaller sinks such as the Mill Hole and Cedar Sink depressions. 
The Glasgow Uplands area is the farthest upstream reach of the Turnhole Bend 
basin. It is an upland region with numerous surface streams that sink along the southern 
boundary of the Sinkhole Plain (Figure 1). This area is developed on the less soluble, 
cherty and shaly limestones of the lower St. Louis Limestone and is dominated 
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Figure 6. Rock formations exposed in the Mammoth Cave area and the surface 
landforms that they form (Palmer, 1981). 
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by surface streams and laminar groundwater flow (Figure 6) (Palmer, 1989; Quinlan et 
al., 1983). The interbedded shale layers in the lower St. Louis Limestone influence 
groundwater and surface water in the Glasgow Uplands along the sinking points of the 
surface streams (Howard, 1963 & 1968; Palmer, 1981). The Glasgow Uplands make up 
approximately 27% of the Turnhole Bend groundwater basin (Hess and White, 1988). 
The Mammoth Cave System is located within the Girkin, Ste. Genevieve, and 
upper St. Louis Limestones (Figures 6 and 7). The entire sequence contains cave 
passages and vertical shafts and is approximately 90 m thick (Palmer, 1981). Variations 
in the chemical and physical composition of the rocks cause cross sectional changes in 
the cave passages. For instance, a more argillaceous, shaley, limestone would be more 
prone to weathering than a fine-grained crystalline limestone and would result in an 
undercut area along the side of a passage (Palmer, 1981). Another controlling factor in 
the evolution of the cave passages is the presence of chert and shale beds. These act as 
localized confining layers and control the down-cutting within the limestone. The two 
most prevalent confining layers found in the active river sections are the Lost River Chert 
and the Corydon Chert. Cave passages within that part of the section may be perched on 
these chert units. The Logsdon River in Mammoth Cave flows on top of the Lost River 
Chert layer until the entire river breaches the chert and sinks at Pete's Strange Falls, 
located near the Doyle Valley entrance. 
The regional structural dip of the bedrock is toward the northwest, but local 
variations in the dip have influenced the pattern of underground drainage through the 
karst (Palmer, 1990). The dip of the region varies from about 0.5 to 4.0 degrees with an 
average of approximately 1.0 degree (Quinlan et al., 1983). Many of the active river 
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sections of the cave (Figure 7) are primarily located in the St. Louis Limestones with 
recharge coming from the sinkhole plain and Glasgow Uplands. The downstream 
sections of the cave are found in the Ste. Genevieve Limestones where the water has 
moved upsection through the younger limestones near the Green River. 
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Figure 7. Profile through the Mammoth Cave area, showing the relation of cave 
passages to the geology and topography. A) large relict Tertiary canyons and 
tubes; B) relict Quaternary tubes; C) active phreatic tubes; D) active and relict 
vadose passages; E) impure limestones With poor karst development; F) late 
Quaternary alluvium (Palmer, 1990), 
Groundwater flow within the study area is comprised primarily of tributary 
subsurface streams that converge to exit the Mammoth Cave system at the Turnhole Bend 
Spring during low flow conditions. Water from the Turnhole Bend basin also flows 
through overflow routes to exit at two springs located upstream on the Green River, the 
Echo River and River Styx Springs, during high flow conditions (Murphy, 1992; Quinlan 
and Ray, 1989). The Turnhole Bend Spring on the Green River is a large submerged 
spring that has been partially explored by divers and is shown schematically in Figures 8 
and 9. The Turnhole Bend Spring basin is the largest groundwater drainage basin in the 
Mammoth Cave area. It has an area of 244 km2 (Quinlan and Ray, 1989) and is made up 
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of three separate sub-basins: Mill Hole, Patoka Creek, and Cave City. The sub-basins are 
intercepted at three locations with Mill Hole's karst window for the Mill Hole basin, the 
Hawkins River for the Patoka Creek basin, and the Logsdon River for the Cave City 
basin (Plate 1). The Hawkins River is one of the largest river passages in the Mammoth 
Cave System and is easily reached through the artificial Doyle Valley entrance. River 
water is also accessible by sampling through two 145 m deep monitoring wells drilled 
directly into the cave passages just upstream of the confluence of the two rivers. The 
wells are currently equipped with electronic probes for temperature, stage, specific 
conductance, and velocity as well as pumps for water sampling. The area that is crossed 
by 21 km of highway 1-65 contains all three of the sub-basins of the Turnhole aquifer, 
and is shown in Figure 1. 
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CHAPTER IV 
METHODS 
1. Karst groundwater investigation methods 
Karst groundwater investigations, whether for scientific curiosity, aquifer 
protection planning, or contamination investigations, have several basic parts including 
1) literature review, 2) hydrogeologic inventory, 3) geology investigation, 
4) water table contouring, and 5) dye tracing. These methods were first performed on a 
regional scale in the south-central Kentucky karst in the 1970's by Quinlan and Ray 
(1989) and Crawford (1984, 1987, 1993, and 1995). Due to previous research in the study 
area, this karst groundwater investigation has focused on groundwater drainage basin 
delineation along 1-65 which includes a review of previous dye traces and dye tracing 
near the hypothesized drainage divides, 
a. Review of previous dye traces in the vicinity of 1-65 
Previous dye traces performed in the study area are recorded on the Quinlan and 
Ray (1989) map of the south-central Kentucky karst, on unpublished maps maintained at 
Mammoth Cave National Park, and the recent compilations of Currens and Ray (1998a 
and 1998b). The dye-trace information and the approximate locations of the drainage 
divides from these maps were plotted on USGS topographic maps and later transferred to 
the Caves of the Dripping Springs Escarpment map (Coons, unpublished). The 
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topographic maps were utilized to locate dye injection locations along the areas in 
question. 
b. Dye tracing methods and materials 
Tracing of underground streams has been performed in karst areas for more than 
100 years (Quinlan et al., 1990). The reasons have been many, including to determine if 
two caves are hydrologically connected, to locate drainage divides of spring basins, to 
determine time of travel of water flowing through an aquifer, and to determine the 
resurgence of contaminated groundwater. In this method a substance that has unique 
properties is injected into the groundwater via a sinking stream, cave stream, well, or 
sinkhole. Springs in the area are monitored for the presence of the substance to 
determine the resurgence point for water in question. Some of the materials for tracing 
underground streams have included sawdust, salts, spores, and dyes. Currently, 
fluorescent dyes are commonly used because of their low cost, safety, reliability, ease of 
use, and low detection limits (Smart, 1984; Quinlan et al., 1990). Mull et al. (1988) 
described the uses and techniques for performing tracer studies from contamination sites. 
Quinlan et al. (1988) produced a useful "how to" manual which includes descriptions of 
dyes, materials, and methods. The following is a summary of the methods and materials 
for underground stream tracing from these references. 
The basic steps for performing a dye trace include 1) a hydrogeologic inventory, 
2) background fluorescence investigation, 3) dye injection, 4) receptor retrieval, and 
5) analysis of receptors. The hydrogeologic inventory stage of dye tracing involves two 
main phases: literature search and fieldwork to identify all surface and sub-surface 
hydrologic features in the area of interest. Prior to fieldwork, one should study the area 
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by reviewing topographic and geologic maps as well as any hydrogeologic literature 
concerning the area. Streams, springs, sinkholes, and other topographic features, 
especially elevation relationships, should be noted prior to the fieldwork. Often subtle 
differences in elevations can be used to estimate potentiometric surface characteristics in 
an area. The fieldwork phase involves driving and walking the land, as well as 
investigating streams that traverse the study area. The primary purpose is to locate 
springs and seeps, but information regarding sinking streams, caves, and karst windows is 
also very important in understanding the nature of the karst being studied. The water 
levels in cave streams and karst windows are the most important data for contouring the 
water table in a karst region. 
The background fluorescence investigation in the study area is performed because 
many products, such as detergents and antifreeze, contain fluorescent dyes; in the 
presence of high levels of these materials, an alternate tracer may be used. The 
background dye receptors should be retrieved and replaced with fresh receptors before 
dye injection, cleaned with tap water, and analyzed for the presence of any fluorescent 
dyes. After the background levels have been established for the dyes of interest, dye can 
be injected into the karst in the area of study. Sinkholes, swallets, cave streams, 
monitoring wells, and dug pits are often used as injection points. The injection location 
should be flushed with water prior to and after the dye is injected when runoff or a 
sinking stream is not available. The dye receptors should be recovered in three to seven 
days after the dye injection and replaced with fresh receptors. The samples are then 
analyzed for the dyes used in the trace. This procedure is repeated until the trace is 
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positive and should be continued for at least several weeks after a positive detection to 
allow time for the dye to possibly resurge at the other springs. 
Fluorescent dyes are different from other dyes in that certain wavelengths of light 
will excite the dye molecules and emit light at a different wavelength that is easily seen 
or detected, even in low concentrations (Smart, 1984; Quinlan et al., 1990). The most 
widely accepted dyes for tracing underground streams (in the field of karst hydrology) 
include fluorescein (Acid Yellow 73), Rhodamine WT (Acid Red 388), Eosine (Acid Red 
87), Tinopal CBS-X (Optical Brightening Agent 351), and Direct Yellow (Diphenyl 
Brilliant Flavine 7GFF) (Quinlan et al., 1990). The names of the dyes should include the 
color index when ordering because of the various trade names for dyes. A good 
discussion of the various dyes, including nomenclature and properties, is covered by 
Quinlan et al. (1990). The shorter generic names were used in the remainder of this 
paper. Because of the different emission wavelengths of the various dyes, simultaneous 
dye traces may be performed from different sites within the same area. 
Dyes that are adsorbed onto charcoal are the most commonly used because of 
their relatively low cost and detection limits (Quinlan et al., 1990). This group of dyes 
includes fluorescein, Rhodamine WT, and Eosine. Because these dyes are visible in 
relatively small concentrations (approximately 50 to 100 ppb), one must use caution if 
there is the possibility of turning a public or private water supply green or red. On the 
other hand, not using enough dye is a waste of time and money if the trace is negative. 
The only way to know how much dye to use is through experience. The only exception 
to this rule would be tracing from a spill or waste site that might potentially contaminate 
a water supply with toxic materials that could pose a serious health risk (Quinlan et al., 
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1990). In that case, a visual positive could alert officials if the resurgence point was 
overlooked during the hydrogeologic inventory. A large quantity of dye could also alert 
water-well users that something is potentially wrong with their water quality. Methods 
for detecting dyes collected on the charcoal include visual, fluorometer, and 
spectrofluorophotometer, with the method being determined by the availability of the 
instruments for the trace. 
The dye is separated from the charcoal for analysis by a chemical solution known 
as an eluant. Smart Solution consists of a mixture of 1-proponal, ammonium hydroxide, 
and distilled water at a ratio of 5:2:3 and is used for fluorescein, Rhodamine WT, and 
Eosine. After the charcoal has been treated with Smart Solution, the elutant is then 
analyzed either visually or by utilizing a fluorometer or spectrofluorophotometer. Visual 
methods can detect relatively low levels of dye in the elutant, about 50 to 100 parts per 
billion (ppb). A fluorometer or spectrofluorophotometer can detect fluorescent dyes into 
the part per trillion (ppt) range and is currently the best way to analyze the elutant or 
water samples due to the reproducibility and the sensitivity of the instruments. 
Optical Brightener and Direct Yellow are collected by utilizing unbleached cotton 
which absorbs the dye. The cotton is analyzed using a ultraviolet light source. If the 
cotton has been in contact with Optical Brightener or Direct Yellow, the cotton will glow 
white or yellow, respectively, under the ultraviolet light. Optical Brightener and Direct 
Yellow are preferable for traces where a visible positive could negatively impact a water 
supply since they are both invisible except in high concentrations. The use of dyes that 
are detected on cotton is less amenable to quantification and is best used as a secondary 
tracer from a site. 
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Activated coconut charcoal and unbleached cotton receptors are used to passively 
monitor for dye during qualitative dye traces. Qualitative traces cannot determine the 
concentration of a dye slug, and knowledge of the time of travel for the dye is limited to 
the frequency with which the receptors are changed. Qualitative dye receptors are made 
from nylon screen which is sewn or stapled to form a packet that is divided in the middle. 
One side is filled with approximately one tablespoon of activated coconut charcoal and 
the other side with unbleached cotton. The ends of the packet are sealed with staples, and 
a vinyl coated paper clip is pushed through the screen material for attachment to a tether 
string. The receptor is held in the water attached to a weighted nylon string. Care must 
be taken to allow for water level fluctuations and the high water velocities that are 
encountered during flood pulses. In this study, two or more receptors were placed at all 
locations due to the possibility of a lost receptor during a flood event and where receptors 
may be tampered with or stolen. Background dye levels were determined from the first 
set of receptors placed at all dye monitoring locations prior to dye injection. The 
receptors were analyzed prior to dye injection to determine background fluorescence 
concentrations that might lead to erroneous results. 
The dyes used in this research, including fluorescein, Rhodamine WT, Eosine, 
and Tinopal CBS-X Optical Brightener, were supplied by Mammoth Cave National Park. 
Dye was injected with storm runoff from 1-65 culverts and ditches. After the dye 
receptors were retrieved, they were cleaned with tap water and air dried to optimize the 
elution of dye from the charcoal. One gram of dried charcoal was placed in 10 ml of 
Smart solution for one hour. The elutant was then analyzed in a Shimadzu RF-5000 
scanning spectrofluorophotometer using the synchronous scanning mode with output in 
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graphic form. The output graph has the wavelength of emission light, in nanometers, as 
the x-axis and the fluorescence intensity on the y-axis. Cotton receptors were analyzed 
by viewing the rinsed cotton under long wave ultraviolet light and visually compared to 
prepared cotton standards. The results were then compared to the backgrounds to 
determine the resurgence point of the dye. 
Quantitative dye traces yield more information than qualitative traces and utilize 
direct collections of water samples. These methods allow determination of dye travel 
times and concentrations. For this project, water samples were obtained at the Echo 
River Spring with an ISCO automatic sampler. Due to the remote location of the 
Hawkins and Logsdon Rivers and the problems during flood events (Figure 11) the use of 
an automatic sampler in the cave was not possible. However, two wells, 145 m deep, 
have been drilled directly into the cave passages upstream of the confluence of the two 
rivers. The water samples taken during quantitative dye tracing were analyzed by a 
Shimadzu RF-5301 scanning spectrofluorophotometer under the synchronous scanning 
mode with the concentration of dye calculated determined prepared lab dye concentration 
standards. 
Information from quantitative dye traces can be used to determine storage and 
flow characteristics. Time of travel and residence time are two characteristics that can 
easily be seen with the time-series, discrete water samples. The time of travel is based on 
the time of the first positive water sample, and the velocity is calculated based on a linear 
distance measured on Plate 1. The actual speed of water flow within the conduits is 
usually higher due to the fact that cave passages within the aquifer often meander, much 
like surface streams. The residence time refers to the amount of time the dye is flowing 
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through the cave at the sampling point and can be used to evaluate the effects on the cave 
environment from spills of hazardous materials, 
c. Groundwater basin and sub-basin delineation 
Major groundwater drainage basins and their divides in the south-central 
Kentucky karst were first determined by Quinlan and Ray (1981). Additional traces have 
been performed since the publication of this map and are maintained on unpublished 
maps at Mammoth Cave National Park. These maps were used to approximate the 
location of the groundwater drainage divides along highway 1-65 (Figure 1 and Plate 1). 
(Two recently published maps by Currens and Ray (1998a and 1998b) include these 
additional dye traces plus these thesis dye traces. 
The Turnhole Bend basin is bounded on the southwest by the Graham Springs 
basin, which is defined along the surface drainage divide between Little Sinking Creek 
and the Sinkhole Plain along 1-65. Two sub-basin divides are located along 1-65 between 
the Patoka Creek, Cave City and Mill Hole sub-basins. Lawler Blue Hole basin is 
located to the northeast of the Turnhole Bend basin and is one of the main resurgence 
points for water that flows through portions the Fisher Ridge Cave System (Quick, 1995). 
Past dye traces were plotted on USGS 7.5 minute topographic maps as well as the 
approximate location of the divides. A hydrogeologic inventory along 1-65 was 
performed to determine appropriate dye injection sites in the vicinity of the divides. 
Storm water runoff from 1-65 drainage culverts was used for injecting the dye into the 
karst. Dye traces from each drainage basin divide are presented separately. 
(The dye injection locations and final results of these thesis dye traces are 
summarized on Plate 1. This plate was prepared by combining the line plot compilation 
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map "Caves of the Dripping Springs Escarpment" by Don Coons in 1994 (unpublished) 
with the data from the Quinlan and Ray (1989) map and other unpublished dye traces. 
The dye trace data was transferred directly to the Coons map with little alteration. The 
accuracy of the drainage basin divides in areas with no or few dye traces is based solely 
on water table contouring. Basin divides are inferred from the water table data and 
sometimes cross areas with dense sinkhole development. In these areas, the drawn 
boundaries are only approximations and should not be treated as set drainage divides. 
During this research, the question was raised as to the appropriateness of using this data 
in the form of lines, sometimes crossing sinkholes, sinkhole valleys, and near the flank of 
ridges/drains. These lines were best fitted to the surface drainage, especially on ridges, 
on the topographic base maps. It was the decision of the author that changing the data, 
especially if it required creating a zigzag type of line, would lessen the accuracy of the 
previous research by others. These data are presented with the caveat that the drainage 
divides are inferred. The main purpose for utilizing these two data sources in 
combination is that a true appreciation of the relationship between the caves of the south-
central Kentucky karst and groundwater flow can easily be seen by the reader.) 
i. Cave City sub-basin and Lawler Blue Hole divide. 
The northern boundary along 1-65 of the Turnhole Bend basin and the Lawler 
Blue Hole basin was known to be near the Hart County line from previous dye traces and 
water table contouring (Quinlan and Ray, 1989). A trace had been performed from a 
swallet located between the highway 1-65 and the rest area on ramp that went to Lawler 
Blue Hole. [This previous dye trace went through the Stinky River section of the Fisher 
Ridge Cave System. This stream is named for the sewage smell from the rest area 
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effluent that is discharged into the aquifer (Quick, 1995)]. Dye for another trace had 
been injected approximately 0.8 km south of the rest area. Between the two previous dye 
traces, only one suitable dye injection point was found. This small swallet was located 
in a ditch that led to a sinkhole depression. The water in this ditch sinks at this point, 
well before reaching the sinkhole bottom (Location H on Plate 1). The other two 
sinkholes between the past traces contained ponds that were not conducive to dye tracing. 
Dye receptors for the northern divide were placed in Owl Cave and Lawler Blue Hole. 
On April 15, 1994 during a thunderstorm, 2 kg of Rhodamine WT dye were injected at 
13:00. Injection #1 occurred near the Turnhole and Lawler divide just north of the Hart 
Co. line on the east side of 1-65 just south of the rest area (Location H on Plate 1). 
ii. Mill Hole and Patoka Creek sub-basin divide. 
The approximate Mill Hole and Patoka Creek divide is near the 1-65 and 31-W 
overpass (Quinlan and Ray, 1989). Past dye traces in the vicinity were performed from a 
sinkhole which receives runoff from the Park City intersection on 1-65. This previous 
trace went to the Hawkins River (Patoka Creek sub-basin). Dye receptors were placed in 
Mill Hole, Owl Cave, and Echo Spring for this dye trace. Due to the known flow routes 
of these two basins, a positive at Mill Hole and Owl Cave would indicate that the trace 
was from the Mill Hole sub-basin. If the dye trace was positive only for the Owl Cave 
receptor, the trace was from the Patoka Creek sub-basin (Figure 10). Qualitative traces 
for this boundary can be performed without the need to go to the confluence of the 
Hawkins and Logsdon River in Mammoth Cave, a three hour cave trip. On April 15, 
1994, during a thunderstorm, 2.3 kg of fluorescein dye were injected at 13:15 between 
the Highway 255 and 31-W overpasses on the east side of 1-65 just south of the Park City 
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Figure 10. Flow Chart of the Turnhole Bend Spring groundwater sub-basins 
showing groundwater monitoring locations. 
southbound on ramp into a wet weather sinking stream approximately 20 m from the 
interstate (Location B on Plate 1). Injection #3 used 2.3 kg of CBS-X Optical Brightener 
injected at 13:30 into a drainage sinkhole collapse approximately 3 m from the interstate 
on the east side of 1-65 just south of the CSX railroad overpass and approximately 1.2 km 
from the Park City interchange (Location A on Plate 1). The sinkhole collapse had been 
recently repaired in the emergency lane and ditch-line. These repairs had failed, and 
water flowing into the collapse was utilized for this injection. 
iii. Cave City and Patoka Creek sub-basin divide. 
On the map of Quinlan and Ray (1989), the location of the Cave City and Patoka 
Creek sub-basin divide is only approximate along 1-65 due to the lack of dye traces in 
that area. Dye monitoring locations were the Hawkins and Logsdon Rivers in Mammoth 
Cave. The confluence of these two large streams, discovered in 1979, connected Proctor 
Cave with Mammoth Cave (Brucker, 1979). In both Figure 1 and Plate 1, one can see the 
confluence of the two streams and the importance of this discovery to the study of the 
groundwater flow routes of the cave system. Since the discovery of the Hawkins and 
Logsdon Rivers, two 145 m deep wells have been drilled into the passages upstream of 
the confluence to allow sampling. These wells facilitate water sampling for water quality 
and quantitative dye tracing research in an inaccessible location during rain events. The 
base level depth of non-pooled stream flow is approximately 0.3 m deep at the 
confluence, but stage commonly goes to 10 m above base level during rain events and 
can reach 28+ m during major flood events (Figure 11). In addition, a 20 m deep shaft 
has been drilled in Doyle Valley to allow for an easier entry to the Logsdon River 
section. 
This area had only one prior dye trace from the vicinity of 1-65, and the 
approximate divide was inferred by Quinlan and Ray (1989) from water table contouring. 
The area in question is located on the flank of the Mammoth Cave Plateau. In this area, 
nearly all runoff flows from the west side of 1-65 to the east side where the sinkhole 
drains are located. Runoff from the hillsides and roadway are carried by concrete-lined 
ditches and culverts away from the interstate and directed to the sinkhole drains along the 
natural drainage channels of the sinkholes. The only exception in this area is an 
ephemeral pond near the divide. Dye receptor locations for this boundary delineation 
were the Hawkins River (Patoka Creek sub-basin) and the Logsdon River (Cave City 
sub-basin). The first trace was located at the end of the culvert on east side of the 
interstate on June 2, 1994 (Location C on Plate 1). Injection #4 used 1 kg of Rhodamine 
WT dye approximately 1.6 km south of the Cave City interchange. Due to a lost dye 
receptor, Injection #5 was a repeat of injection #4 on July 28, 1994 with 1 kg of 
Rhodamine WT dye. Both injections were made during light rain showers with the 
culvert discharge estimated at 0.3 L/s. Because the traces were during a dry period, the 
LOGSDON RIVER 
MAMMOTH CAVE, KENTUCKY 
Figure 11. Hydrograph of flood pulses from May 8 to 20, 1995 in the Logsdon River, Mammoth Cave, Kentucky. The ceiling height 
at the confluence is approximately 5 m. Note the rate of stage increase, and the significance for caver safety. 
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dye infiltrated the aquifer through the exposed bedrock streambed that led to the main 
sinkhole drain. The dye, and water, sank into the ground approximately 100 m 
horizontally and 15 m vertically above the sinkhole drain located at the bottom of the 
depression. 
Injection #6 was on September 5, 1994 with 1.3 kg fluorescein dye at 
approximately 1.2 km south of Cave City exchange in a wet weather sinking stream 
approximately 60 m from the interstate (Location D on Plate 1). The swallet was located 
in a wooded area in a small collapse approximately 1 m in diameter and 1 m deep with 
soil walls. The swallet is approximately 15 m vertically above a sinkhole pond within the 
drainage basin of this section of highway. This small swallet is probably a result of 
concentrated runoff water flow causing a small sinkhole collapse. 
Injection #7 was on November 27, 1994 at 14:00 with 2.3 kg of CBS-X Optical 
Brightener approximately 0.8 km south of the Cave City exchange in a drain culvert on 
the east side of 1-65 approximately 15 m from the interstate (Location E on Plate 1). The 
CBS-X Optical Brightener trace in the Hawkins River was not detected in either cotton or 
water samples. This dye trace was repeated with Injection #8 on February 14, 1995 at 
22:45 with 6.8 kg Rhodamine WT. The culvert outfall discharge was measured with a 20 
liter bucket and stopwatch at 1 L/s. This dye trace was a quantitative trace utilizing water 
samples from the wells in the Hawkins and Logsdon Rivers. 
Injection #9 took place on February 15, 1995, at 00:15 with 3.2 kg of fluorescein 
dye along 1-65, approximately 0.8 km south of Cave City exchange in sinkhole 
approximately 30 m from the interstate (Location F on Plate 1). The culvert outfall 
discharge was measured at 4 L/s. 
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The dye trace from Injection #8 was repeated on August 6, 1995 to determine the 
flow route of water from this sinkhole during low flow conditions. The initial dye trace 
from this sinkhole was completed during February under relatively wet conditions. The 
typically wetter conditions during winter in south-central Kentucky are characterized by 
relatively high base flow with very fast response to relatively small amounts of rain. The 
higher flow conditions are due to low evapotranspiration and higher soil moistures which 
allow for increased runoff. The follow-up dye traces were performed during drier 
summertime conditions when evapotranspiration is at its highest and soil moistures are 
typically low. Injection #11 used 4 kg of Rhodamine WT injected at 09:55 with a culvert 
outfall discharge of approximately 20 L/s. The rain event for Injection #11 was followed 
by a dry period lasting over five weeks. (The dye was not detected in water samples.) 
Injection #11 was followed by Injection #12 on September 16, 1995 at 08:15 with 3.4 kg 
of fluorescein with a measured flow rate of 4 L/s. The rain event for Injection #12 was 
followed a dry period of more than two weeks and dye was not detected in water samples 
by October 3. Due to the fact that two separate dye slugs were in the karst system at the 
same time with relatively dry periods between, a third dye injection was performed to 
help determine the storage characteristics of the area. A cold front with its associated 
rain showers was utilized for the third dye injection. Injection #13 was performed on 
October 3, 1995, at 16:20 with 2.3 kg of Eosine with a measured flow rate of 4 L/s. The 
rain event consisted of about 2.5 cm of precipitation with the remains of Hurricane Opal 
arriving two days later with approximately 10 cm of rain between midnight (0:00) and 
10:00 on October 5 (National Park Service unpublished data, 1995). 
iv. Additional dye trace from the Cave City sub-basin 
A quantitative dye trace was performed on May 9, 1995, at 06:12 from a sinkhole 
behind the Oasis Hotel in Cave City (Location G on Plate 1). Water that drains to this 
sinkhole comes from the Cave City interchange and the parking lot of the hotel. This 
sinkhole is near the Gorin Mill basin boundary within the Cave City sub-basin. This was 
dye injection #10 and utilized 5.5 kg of fluorescein with the discharge from the culvert of 
20 L/s. This sinkhole is a smooth bottomed depression with no open drain. The 
depression immediately started to pond when runoff entered the sinkhole bottom. The 
dye was injected into the water that first filled the sinkhole. 
d. Sinkhole classification 
Sinkhole sizes and shapes vary considerably with the lowest part, or bottom, of 
the depression being highly related to the subsurface drainage system. The three basic 
types of sinkholes found along 1-65 in the sinkhole plain are the open throat, flat bottom, 
and pond. An open throat sinkhole has a opening at the bottom of the depression, a flat 
bottom sinkhole does not have a discrete opening for drainage, and a pond is a sinkhole 
depression that holds water year-round. The Groundwater Hazard Map of the Turnhole 
Spring Basin (Meiman et al., 1996) book uses seven classes including classes one 
through five, plus perennial and ephemeral ponds. This map book has all of the sinkholes 
along 1-65 within the Turnhole Bend Spring Basin identified and evaluated by Park 
personnel by drain type, drainage boundaries, drainage features (modified and natural), 
road signs, road cuts and hazards noted for each of the sinkholes. The book can be 
utilized by emergency responders by indicating sink points and surface flow paths along 
4 9 
the interstate. Emergency responders can utilize this data to prevent a spill from being 
directly injected into the karst by intercepting the flow paths. Table 1 lists the classes of 
sinkholes and their characteristics that are used in the hazard mapping project (Meiman et 
al., 1996). The sinkhole classifications were formulated from visual differences noted 
during field observations. The classifications were made under the assumption that water 
infiltrates more slowly in the least open type IV and V sinkholes than in the more visually 
open sinkholes, 
e. Soil types present 
Soils exhibit different characteristics in terms of their composition, thickness, and 
permeability all of which vary with location. Data for the soil types present for areas 
along 1-65 are available from the Warren County Soil Atlas (Barton, 1981), Barren 
County Soil Atlas (Latham, 1969), and Edmonson County Soil Survey (USDA, 
unpublished data). These soil surveys are extremely valuable in looking at soil property 
information with black and white aerial photographs as base maps. The surveys, 
however, are not consistent from one county to another with their use of soil names and 
methods of data presentation. The data also differ on the various aerial photos, with the 
Barren County Survey having the most detailed maps which also include drainage data. 
Despite these differences, the data are consistent as far as methods of soil testing and soil 
type classifications are concerned. The soil types encountered along 1-65 and data are 
summarized in Table 2. 
The sensitivity of groundwater, which refers to the inherent ease with which it can 
be contaminated, is proportional to the speed of recharge and soils that demonstrate faster 
infiltration rates and shallower soil profiles are more sensitive than soils with slower 
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SINKHOLE CLASSIFICATION 
In order to display the relative speed at which a sinkhole will drain, a simple classification was 
developed. The following are in order from the least vulnerable (poorly drained) to the most vulnerable 
(well drained). 
TYPE V Soil covered sinkhole with no obvious sink-point. May pond after rainfalls. 
May contain water tolerant plants. Poorly drained. 
TYPE IV Soil covered sinkhole with no obvious sink-point. No signs of ponding. 
Fairly well drained. 
TYPE i n Exposed bedrock sinkhole with no obvious sink-point. No signs of ponding. 
Fairly well drained. 
TYPE II Soil covered sinkhole. Obvious sink-point. Very well drained. 
TYPE I Exposed bedrock sinkhole. Obvious sink-point. Very Well drained. 
SWALE A shallow depression adjacent to a roadway with no obvious sink-point. 
Water drains diffusely into the ground. 
PONDS Ponds are mapped as ephemeral and perennial. An ephemeral pond is a very poorly 
drained Type V sinkhole. It will usually contain water during the wetter parts of the 
year. A perennial pond contains water year-round, however, these ponds are subject to 
failures, especially after heavy rains. 
STREAMS Although not common, there are a few streams within the mapped area. All streams 
eventually sink into the ground. Ultimate sink-points are noted in text. 
Table 1. Sinkhole classifications used in the Groundwater Hazard Map of the 
Turnhole Spring Karst Groundwater Basin (Meiman, et al. 1996). 
SOIL ISERIES C O M P O S I T I O N D R A I N A G E PERMEABIL ITY PERMEABIL ITY WATER TABLE (m) OEPTH TO HOCK |m) * time lo drain(hours) 
cm/hr min max 
Ba Baxter cherty silt loam wel l dra ined moderate 1.5 to 5 .1 >1.8 0.8 3.0 15 
Ca Caneyville very rocky silt c lay well dra ined moderate ly slow 0.51 to 1.5 >1.8 0.5 0.9 30 
Ch Christ ian silt loam well drained moderate ly slow 0.51 to 1.5 >1.8 1.2 2.1 80 
Cr Crider silt loam well drained modera te 1.5 to 5.1 >1.8 1.5 3.0 30 
Cu Cumber land cherty silty clay wel l dra ined modera te 1.5 to 5.1 >1.8 1.8 6.1 36 
Fr Fredonia very rocky silty clay loam well drained moderate ly slow 0.51 to 1.5 >1.8 0.5 0.9 30 
Ha Hamblen silt loam well drained moderate 1.5 to 5.1 <0.6 1.8 3.0 36 
La Lawrence silt loam poorly dra ined slow 0.15 to 0 .51 <0.6 1.5 300 
Me Melv in silt loam poorly drained moderate 1.5 to 5.1 < 2 1.8 1.8 36 
Mo Mountv iew silt loam well drained moderate 1.5 to 5.1 >1.8 1.2 2.4 24 
Nh Newark silt loam poorly drained moderate 1.5 to 5.1 <0.8 1.5 30 
No Nol ichucky fine sandy loam wel l drained moderate 1.5 to 5.1 >1.8 1.5 30 
Nol Nol in silt loam wel l drained moderate 1.5 to 5.1 >1.8 1.5 30 
Pb Pembroke silt loam wel l drained moderate 1.5 to 5.1 >1.8 1.8 3.0 36 
Ro Rock Island exposed rock 
Sa Sango silt loam moderate ly dra ined moderate above fragpan & slow in the fragpan 1.5 to 5 . 1 / . 1 5 to . 5 1 <0.6 1.8 1.8 171 
St Straser silt loam wel l drained moderate 1.5 to 5.1 >1.2 1.8 1.8 36 
Ta Taft silt loam poorly dra ined moderate above fragpan & slow in the fragpan 1 . 5 to 5 . 1 / . 1 5 to . 5 1 <0.3 1.8 3.0 316 
Tb Talbot t cherty silty clay loam wel l dra ined moderate ly s low 0.51 to 1.5 >1.8 0.9 3.0 60 
W Wate r pond 
Time to Drain = Theoretical speed of water through soil from soil atlas ratings = max permeability (cm/hr) X min depth to bedrock. 
Table 2. The soil types and their properties encountered along Interstate 65 within the study area. Data sources were the Barren 
County (1969), Warren County (1981), and Edmonson County (prepublished data) soil surveys published by the USD A. 
infiltration rates. In a mature karst setting, any contaminant from an accidental release 
that reaches the bedrock may be quickly transported through solutionally-enlarged 
bedrock joints that lead directly to the water table and cave streams (Gunn, 1985). After 
a contaminant has reached the dissolved openings in the epikarst, remediation is much 
more difficult and complex. By looking at the hypothetical time for water to reach the 
bedrock, an estimate of the time for remediation can be approximated. The hypothetical 
time for water to reach bedrock was calculated for the soils found in the study area using 
the worst case scenario. The worst case values were the minimum depth to bedrock and 
the fastest infiltration rate from the ranges in the soil surveys. 
f. Soil percolation rate experiment 
The actual infiltration rates in situ were field tested to compare with the soil 
survey percolation rates. Four areas that were classified Class 5 sinkholes or swales were 
studied to determine the drainage rate of the soil and to also investigate the drainage 
characteristics of sinkholes without open drains. The field testing utilized a 5 cm 
diameter thin wall PVC pipe driven about 2 cm into the soil. The pipe was then filled 
with about 25 cm of water. The level of the water in the pipe was monitored and timed to 
determine the rate of infiltration into the soil. This method is a simple way of testing soil 
permeability and would be considered a falling head type test. 
g. Culvert flow velocity determination 
To demonstrate the very fast water flow observed in concrete-lined ditches and 
culverts, the velocity of the flow was measured. This information can be utilized to 
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show the speed that a spill could reach a sinkhole drain or a sink-point (i.e., cracks in 
concrete lined ditches) along the flow path (these sink points located within ditch lines 
are referred to as hazards on the hazard map book.). The water velocity was determined 
utilizing a small quantity of dye that was placed near the upper reaches of several of these 
drainage enhancements. The length of the water flow path was measured with a 
fiberglass survey tape. With a watch, the time for the dye slug to flow to the outfall of 
the culvert/lined ditch was measured to the nearest second. From these data, the average 
velocity of the water was calculated. 
h. Roadcut cutter frequency determination 
To demonstrate the high number of potential flow paths through the epikarst, the 
frequency of cutters in roadcuts was determined. Cutters, also known as grikes, are 
solutionally enlarged bedrock joints. The frequency of cutters was estimated by 
measuring the length of a roadcut and noting the number of cutters observed within the 
limestone bedrock. After an initial walkover of the roadcuts in the study area, it was 
decided that for a cutter to be counted, the depth of the solutionally enlarged fracture 
needed to be at least 3 m. The reasoning for this length was 1) to eliminate fractures that 
occurred during the roadcut blasting operations and 2) to demonstrate the large number of 
relatively large solutional features in the epikarst. Other solutional features observed in 
the roadcuts were also noted as well as the relationship between these features and the 
bedding plains of the rock. 
CHAPTER V 
RESULTS 
1. Dye Trace Results 
a. Cave City sub-basin and Lawler Blue Hole divide. 
Dye Injection #1, injected at Location H on Plate 1, was positive by April 18, 
1994 at the Lawler Blue Hole (Tables 3, 4, and 5). The dye injected into this sink point 
may have flowed through Fisher Ridge Cave based on previous traces in the vicinity of 
the rest area (Plate 1). Because of the surface drainage characteristics and previous dye 
traces in the area, the groundwater drainage divide is defined at the Barren/Hart county 
line (Plate 1). 
b. Mill Hole and Patoka Creek sub-basin divide. 
The fluorescein dye injected at Location B on Plate 1 was detected by April 18, 
1994 in both Mill Hole and Owl Cave (Tables 3, 4, and 5). This positive detection 
indicates that the dye was injected into the Mill Hole sub-basin. Dye from Injection #3, 
Optical Brightener, was not recovered on the cotton receptors, possibly due to dilution. 
Due to the positive fluorescein dye trace from Injection #2 and previous dye traces at the 
next sinkhole along 1-65, the sub-basin drainage divide is defined as the surface runoff 
divide of the two sinkholes (Plate 1). The surface drainage divide is approximately 
halfway between the Interstate 65 overpass of 31-W and the Park City Exit. 
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MAMMOTH CAVE, KENTUCKY 
DYE TRACES WITHIN THE TURNHOLE SPRING DRAINAGE BASIN 
QUALITATIVE DYE RECEPTOR ANALYSIS SUMMARY 
FLUORESCEIN RHODAMINE WT TINOPAL CBS-X 
OPTICAL BRIGHTENER 
Color Index: Color Index: Fabric Brightening 
Acid Yellow 73 Acid Red 388 Agent 351 
Dye Receptor: Dye Receptor. Dye Receptor: 
Activated Charcoal Activated Charcoal Unbleached Cotton 
Analysis by: Analysis by: Analysis by: 
Spectrofluorophotometer Spectrofluorophotometer Ultraviolet Light 
Date FLUORESCEIN RHODAMINE WT Optical 
Recovered Receptor Location Results ffavelenqtti Intensity Results Wavelenqth Intensity Brighterwr 
04/08/94 Mill Hole -
04/08/94 Owl Cave -
04/07/94 Lawler Spring -
04/08/94 Echo River Sp. B 514.4 30 
04/18/94 Owl Cave (left) + 514.8 62 
04/18/94 Owl Cave (right) ++ 514.8 142 
04/18/94 Mill Hole (cliff) ++ 514.8 150 
04/18/94 Mill Hole (Sand) ++ 514.8 334 
04/18/94 Lawler Spring #1 - + 568.8 22 
04/18/94 Lawler Spring #2 - + 570 46 
04/24/94 Echo River Sp. -
04/24/94 Owl Cave (left) ++ 515.6 301 | 
04/24/94 Owl Cave (right) ++ 516 219 
04/24/94 Mill Hole (cliff) ++ 515.2 333 
04/24/94 Mill Hole (Sand) ++ 516 219 
04/25/94 Lawler Spring - 568 11 
05/08/94 Mill Hole (cliff) + 513.2 22 
05/08/94 Mill Hole (Sand) ++ 514.8 240 
05/08/94 Owl Cave (right) + 515.2 49 
05/08/94 Owl Cave (left) + 514.8 71 
05/13/94 Owl Cave (right) + 514 31 
05/13/94 Owl Cave (left) + 516.4 28 
05/13/94 Mill Hole (Sand) ++ 515.2 127 
05/13/94 Mill Hole (cliff) + 514.4 30 
06/02/94 Logsdon River Well B 513.6 62 
06/02/94 Owl Cave (left) B 513.6 47 
06/02/94 Owl Cave (right) B 514.8 138 
06/09/94 Logsdon River Well B 515.2 26 
06/09/94 Owl Cave (left) B 513.6 59 
06/09/94 Owl Cave (right) B 514 45 
06/23/94 Logsdon River Well B 514 29 
06/23/94 Owl Cave (left) B 512 7.5 
06/23/94 Owl Cave (right) -
07/04/94 Owl Cave B 515.2 50 + 568.0 32 
07/04/94 Logsdon River Well 0 
07/15/94 Hawkins River Well B 515.2 4 B/+ 566.0 2 
07/22/94 Hawkins River Well B 515.2 36 
08/13/94 Logsdon River Well B 514.8 38 -
08/13/94 Hawkins River Well B 514.8 69 + 568.0 45 
09/07/94 Logsdon River Well B 515.2 42 -
09/07/94 Hawkins River B 515.6 61 + 564.8 45 
09/19/94 Logsdon River • -
09/19/94 Hawkins River +++ 515 1000+ + 567.2 95 
11/09/94 Logsdon River - -
11/09/94 Hawkins River +++ 514 1000+ + 562.4 49 
12/14/94 Logsdon River - • 
12/14/94 Hawkins River ++ 514.4 1000+ + 562.0 35 
+ Positive ++ Very Positive +++ Extremely Positive - Negative B Background 
0 Receptor Not Recovered/ Lost Analyzed by: Stephen Capps 
Table 3. Dye receptor data from qualitative thesis dye traces. 
DYE TRACE SUMMARY - MAMMOTH CAVE, KENTUCKY 
SH ID INJ # INJ DATEJ QUAL/QUANT DATE POSITIVE RESURGENCE 'TIME (Leading edge) "TIME (Dye peak) I "Approx Distance "'Approx velocity (km/hr) 
A 2 04/15/94 Qualitative 04/18/94 Mill Hole/ Owl Cave <3 days 7.2 
B 3 04/15/94 Qualitative - 7.2 
C 4 06/02/94 Qualitative - 6.4 
C 5 07/28/94 Qualitative 08/13/94 Right Fork Hawkins River <16 days 6.4 
D 6 09/05/94 Qualitative -09 /19 /94 Right Fork Hawkins River 7.2 
E 7 11/27/94 Qualitative - 8.5 
E 8 02/14/95 Quantitative 02/15/95 Right and Left Forks Hawkins R. 10 hrs(R) 7 hrs(L) 24 hrs(R) 19 hrs(L) 8.5 .85 (R) 1.21 (L) 
E 11 08/06/95 Quantitative - 8.5 
E 12 09/16/95 Quantitative 10/02/95 Right Fork Hawkins River 17 days 9 hrs 18 days 22 hrs 8.5 0.02 
E 13 10/03/95 Quantitative 10/05/95 Right Fork Hawkins River 2 days 16 hrs 3 days 1 hr 8.5 0.13 
F 9 02/15/95 Quantitative 02/15/95 Left Fork Hawkins River 20 hours 22 hours 8.7 0.48 
G 10 05/09/95 Quantitative 05/09/95 Left Fork Hawkins River 9.5 hours 10.3 hours 9.0 1.06 
H 1 04/15/94 Qualitative 04/18/94 Lawler BH <3 days 8.5 
Sinkhole ID is from Plate 1 
- Dye trace negative - dye not detected. ~ approximate date of dye receptor retrieval 
* Time to leading edge of dye slug and dye peak are for quantitative dye traces. Qualitative traces are listed for a less than time. 
" Approximate distance for the dye trace is a linear map distance. The actual distance would be greater than the value given. 
*** Approximate distance/ time to leading edge of dye slug = approximate groundwater velocity. The actual velocity would be higher. 
Table 4. Dye trace summary for dye traces along Interstate 65 within the Turnhole Bend Spring groundwater basin. Data are arranged 
in order along the interstate highway from south to north as shown on Plate 1 and Figure 18. 
ON 
DYE TRACE SUMMARY - MAMMOTH CAVE, KENTUCKY 
SH ID INJ # INJ DATE QUAUQUANT DATE POSITIVE RESURGENCE "TIME (Leading edge) 'TIME (Dye peak) "Approx Distance (km) "'Approx velocity (km/hr) 
H 1 04/15/94 Qualitative 04/18/94 Lawler BH <3 days 8.5 
A 2 04/15/94 Qualitative 04/18/94 Mill Hole/ Owl Cave <3 days 7.2 
B 3 04/15/94 Qualitative - 7.2 
C 4 06/02/94 Qualitative - 6.4 
C 5 07/28/94 Qualitative 08/13/94 Right Fork Hawkins River <16 days 6.4 
D 6 09/05/94 Qualitative -09 /19 /94 Right Fork Hawkins River 7.2 
E 7 11/27/94 Qualitative - 8.5 
E 8 02/14/95 Quantitative 02/15/95 Right and Lett Forks Hawkins R. 10 hrs(R) 7 hrs(L) 24 hrs(R) 19 hrs(L) 8.5 .85 (R) 1.21 (L) 
F 9 02/15/95 Quantitative 02/15/95 Left Fork Hawkins River 20 hours 22 hours 8.7 0.48 
G 10 05/09/95 Quantitative 05/09/95 Left Fork Hawkins River 9.5 hours 10.3 hours 9.0 1.06 
E 11 08/06/95 Quantitative - 8.5 
E 12 09/16/95 Quantitative 10/02/95 Right Fork Hawkins River 17 days 9 hrs 18 days 22 hrs 8.5 0.02 
E 13 10/03/95 Quantitative 10/05/95 Right Fork Hawkins River 2 days 16 hrs 3 days 1 hr 8.5 0.13 
Sinkhole ID is from Plate 1 
- Dye trace negative - dye not detected. ~ approximate date of dye receptor retrieval 
* Time to leading edge of dye slug and dye peak are for quantitative dye traces. Qualitative traces are listed for a less than time. 
** Approximate distance for the dye trace is a linear map distance. The actual distance would be greater than the value given. 
* " Approximate distance/ time to leading edge of dye slug = approximate groundwater velocity. The actual velocity would be faster. 
Table 5. Dye trace summary for dye traces along Interstate 65 within the Turnhole Bend Spring groundwater basin. Data are arranged 
in chronological order. 
- J 
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c. Cave City and Patoka Creek sub-basin divide. 
The Cave City and Patoka Creek sub-basin divide required more dye injections 
than the other divides, attributable to the lack of previous dye traces in this area of the 
Turnhole Spring groundwater basin. The first trace for this sub-basin divide (Injection #4, 
Location C on Plate 1) involved Rhodamine WT dye injected at the end of a concrete-
lined ditch. The Rhodamine WT dye trace from Injection # 4 was repeated with Injection 
# 5 due to a lost dye receptor. Injection # 5 was positive in the Hawkins River by August 
13, 1994 (Tables 3, 4, and 5). The sinkhole north of this trace was tried next. 
The next dye trace was from Location D on Plate 1. The fluorescein dye trace 
from Injection #6 was positive in the Hawkins River by September 19, 1994 (Tables 3, 4, 
and 5). Additional traces to determine the beginning of the Cave City groundwater sub-
basin were required, since no traces had gone to the Logsdon River. 
The next sinkhole drain was tested along 1-65 (Location E on Plate 1) just north of 
the previous injection location. Injection # 7 involved Optical Brightner, but it was not 
detected on cotton receptors nor in water samples. 
Injection # 8 was a repeat of Injection # 7 at Location E on Plate 1. This trace 
was the first quantitative dye trace during this study. The Rhodamine WT dye trace from 
Injection # 8 was positive in the Logsdon River at 06:15 on February 15, 1994 with time 
to travel to the confluence at 7 hr (Figure 12, Tables 4 and 5, and Plate 1). The dye 
concentration in the water samples peaked at 19 hr in the Logsdon River. The dye trace 
was also positive in the Hawkins River at 09:00 on 2/15/95 with time of travel to 
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Figure 12. Quantitative dye traces to the Logsdon River with stage data for dye injection #8 (Rhodamine Wt) at 
Location E on Plate 1 and dye injection #9 (fluorescein) at Location F on Plate 1. 
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Figure 13. Quantitative dye traces to the Hawkins River for dye injection #8 (Rhodamine Wt) at Location 
Eon Plate 1. 
1995 - Julian date/time 
Figure 14. Quantitative dye traces to Echo Spring for dye injection #8 (Rhodamine Wt) at Location E on Plate 1 
and dye injection #9 (fluorescein) at Location F on Plate 1. 
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the confluence at 10 hr (Figure 13, Tables 4 and 5, and Plate 1). The dye concentration in 
the water samples peaked at 24 hr in the Hawkins River. The dye trace was also positive 
at Echo Spring at 20:00 on February 15, 1995 with a time of travel at 21 hr (Figure 14 
and Plate 1). The Echo Spring Rhodamine WT dye concentration peaked 25 hr after 
injection. Since this dye trace went to both the Hawkins and Logsdon Rivers during high 
flow conditions, the trace from Location E on Plate 1 was repeated during low flow 
conditions to determine the location of the drainage divide. 
Injection #9 involved fluorescein that was injected at Location F on Plate 1. This 
sinkhole is the next sinkhole drain along 1-65, north of Location E. The dye trace was 
positive in the Logsdon River at 18:35 on February 15, 1995 with time to travel to the 
confluence at 20 hr (Figure 12). The dye trace was also positive at Echo River Spring at 
22:00 on February 15, 1995 with a time of travel of 22 hr (Figure 14). This trace 
indicates that the drainage divide is located between the last three sinkholes, depending 
on the outcome of the subsequent dye traces from Location E during the dry season. 
Due to the dye from Injection #8 being detected in both the Hawkins and Logsdon 
Rivers from Location E on Plate 1, three additional traces were performed from this 
sinkhole during the fall of 1995. The main reason for the multiple traces is that the dye 
had not been detected for several weeks after the initial injection. Because of the 
properties of the various fluorescent dyes, multiple dyes can be used within the same 
groundwater basin. The first injection (Injection #11) involved Rhodamine WT and was 
followed by a dry period lasting five weeks. Because the dye was never detected in the 
water samples, a follow-up dye injection was performed. It was injected during the next 
rain event and utilized fluorescein (Injection #12). The dye was detected after 17 days 
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and 19 hr in the Hawkins River (Figures 15 and 16, Tables 4 and 5, and Plate 1). This 
time corresponded to a small rain event of approximately 2.5 cm, which resulted in only a 
5 cm stage increase. This small rain event was utilized for the final injection of this 
study. The final trace was Injection #13 and involved Eosine dye. The Eosine dye did 
not resurge at the water sampling wells even after 2 days, while the fluorescein levels 
from Injection #12 continued to increase. This pattern was to change from rains 
associated with the remnants of Hurricane Opal with approximately 10 cm of rain in less 
than a day. The stage in the Hawkins and Logsdon Rivers rose 5.4 m in 5 hr during this 
rain event (Figure 16). This sudden flush of water caused the remainder of the fluorescein 
to be washed out of the system. The water also carried the Eosine dye through the cave 
system, and it was detected 2 days and 16 hr after injection (Figures 15 and 16, Tables 4 
and 5, and Plate 1). The Eosine did not peak for another 9 hr and was detected for over 
10 days after becoming detectable. Because both the fluorescein and Eosine were 
detected only in the Hawkins River water samples, the sub-basin divide is located 
between the sinkholes at Locations E and F on Plate 1. 
d. Additional dye trace from the Cave City sub-basin 
This dye injection was located near the Cave City sub-basin and Gorin Mill Basin 
divides in Cave City. Water from this area flows either into Roppel Cave and the 
Logsdon River or through L&N Railroad Cave in Cave City and Hidden River Cave 
downstream in Horse Cave (Plate 1). This dye trace was detected in the Logsdon River 
at 14:00 on May 9, 1995 with the time to travel to the confluence at 9.5 hr (Figure 17). 
The dye peaked at 10.3 hr with a secondary peak arriving at 20 hr. The dye from this 
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Figure 15. Quantitative dye traces to the Hawkins River with stage data for dye injection #12 (fluorescein) and 
dye injection #13 (Eosine). Both dye traces were injected into Location E on Plate 1 during low flow conditions 
in late summer. The large flood pulse was from rains associated with Hurricane Opal. 
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Figure 16. Quantitative dye traces to the Hawkins River with stage data for dye injection #12 (fluorescein) and 
dye injection #13 (Eosine). Both dye traces were injected into Location E on Plate 1 during low flow conditions 
in late summer. The large flood pulse was from rains associated with Hurricane Opal. This figure is the same 
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Figure 17. Quantitative dye trace to the Logsdon River for Dye Injection #10 
(fluorescein) at Injection Location G on Plate 1. The injection point for this dye trace 
was from runoff from a parking lot adjacent to the Cave City Interchange. 
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trace moved through the system relatively quickly, even though it was from a Class 4 
sinkhole which immediately began to pond. 
e. Dye trace summary 
Tables 4 and 5 are a summary of the dye traces performed during this research 
project. Table 4 is arranged from south to north along 1-65, and Table 5 is arranged 
chronologically. Figure 18 shows the dye traces graphically and uses the Quinlan and 
Ray (1989) map as a base map for groundwater drainage basins and cave streams. 1-65 
was added from topographic maps of the area. The inferred flow paths of groundwater 
are only approximate representations of the actual flow paths. 
2. Sinkhole classification results 
The sinkholes along 1-65 within the Turnhole Bend Spring groundwater basin 
were classified by Park personnel. The results of this work are included in the hazard 
map book (Meiman et al., 1996). This information was gathered during this study and 
was utilized, along with fieldwork during rain events, to determine dye injection 
locations. Figure 19 is a sheet from this map book. Note the number of sinkhole drains 
and hazards (19 depressions, sink points, and collapses) referenced in a relatively short 
distance (approximately 0.9 km) along the interstate. 
3. Soil infiltration rates 
The Warren County Soil Atlas (Barton, 1981), Barren County Soil Atlas (Latham, 
1969), and Edmonson County Soil Survey (USDA, unpublished data) were utilized to 
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Figure 18. Summary of thesis dye traces within the Turnhole Bend Spring 
groundwater basin, Mammoth Cave, Kentucky. (Base map source Quinlan and 
Ray, 1981) 
S H E E T 1 6 5 - 9 ^ © 
® 
f = 
ar 
G -
C*-
14a-
1NTERSTATE 65 
U . S . ROUTE 
STATE ROUTK 
LOCAL ROUTE 
RAILROAD 
ACCESS CONTROL FENCE 
SIGH 
MILK MARKER 
GUARDRAIL 
ROCK OUTCROP 
PAVED DITCH 
ACCREGATE LIMED CHANNEL 
PIPE HEADWALL 
BOX CULVERT HEADWALL 
DROP BOX INLET 
DOUBLE DROP BOX INLET 
SLOPED BOX INLET 
SLOPED t FLARED BOX 
INLET 
SIDE TAPERED INLET 
® 
® 
© 
o 
SLOPED BOX OUTLET 
TYPK I SINKHOLK 
TYPE I I SINKHOLE 
TYPE I I I SINKHOLE 
TYPE rV SINKHOLE 
TYPE V SINKHOLE 
POTENTIAL HAZARD 
SWALE 
INTERMITTENT STREAM 
PERENNIAL STREAM 
EPHEMERAL POND 
PERENNIAL POND 
i 
i 
® 
©; 
© 
BASE MAP- PARK CITY 7.V TOPO 
HO SURFACE INTERCEPTS FOR SWK$ NEXT 
GROUNDWATER INTERCEPT, RIGHT PORK Of HAWKJNS 
A/VERIN MCNP. GROUNDWATER TRAVEL TMES TO RIGHT 
FORK OF HAWKINS RJVER 4-I SO HRS. 
.TYPE IV SINK WITHIN 164 R O W SINK IS 30 FT WOE tO FT DEEP 
'WITH STEEP WALLS. BRIAR FILLED NTERMTTENT STREAM 
FLOWS FROM THIS SINK TO DRAIN 46E PIPE HEADWALL INLET 
SWALE NO OBVIOUS SINK POINT 
TYPE <V SINK IN OPEN FlElO AOJACENT TO IBS ANO RAILROAO 
R O W * SINK HAS 2 COLLAPSES 25 FT WIO€ ANO 5 FT OEEP ANO 
ARE BOULOER FILLED 
©TYPE IV SINK IN OPEN FIELD AOJACENT ICS R O W SINK ISC FT WIDE 4 FT DEEP ANO 20FT LONG AND IS FULL OF ROCKS ANO 
BARBED WIRE 
CD . TYPE V SINK IN OPEN FIELD AOJACENT TO MS R O W WATER I ) COLLECTS WITH RAINFALL ANO SINKS DIFFUSELY WITH NO OBVIOUS S1NKPCMNT 
PERENNIAL POND IN OPEN FIELD AOJACENT TO MS R O W PONO 
I TAKES FLOW FROM MEOIAN BETWEEN RAILROAO ANO 1IW 
THROUGH DRAINS 401 AND FROM MS SOUTHBOUNO LANE 
BETWEEN RAILROAO ANO J1W 
) TYPE V SINK IN OPEN FIELD AOJACENT TO MS R O W 
EPHEMERAL PONO ADJACENT TO MS R O W FENCE 
POTENTIAL HAZARDS 
PIPE MEAOWALl 46G V* FILLED AT OUTLET SOIL MOUNDED UP tO 
FT IN FRONT OF OUTLET WHICH CAUSES WATER TO POOL 
BEFORE CONTINUING TOWARD "F" 
SOU COLLAPSE t FT WIOE ANO 2 FT DEEP 
SOI COLLAPSE 1 FT WIDE ANO I FT OEEP 
SOIL COLLAPSE 2 FT DEEP 
<v> 
<3 ® 
© 
<D 
® 
KEEP 
RIGHT 
EXCEPT 
TO PASS 
MAMMOTH CAVE 
NATIONAL PARK 
NEXT RIGHT 
BRIDGES 
FREEZE BEFORE 
ROAOWAY 
FALLEN 
ROCK 
ZONE 
Figure 19. This is a map sheet from the Groundwater Hazard Map of the Turnhole Spring Karst Groundwater 
Basin book (Meiman, et al., 1996). Note the number of water sink-points along this section of 1-65. 
determine the speed of water through the soils and their theoretical time to bedrock. This 
calculation was arrived at by utilizing the maximum percolation rate and dividing it by 
the shallowest depth to bedrock (Tables 2, 6, and 7). The calculated time for water to 
percolate through the soil to bedrock ranged from 15 hr to 316 hr. The results are shown 
graphically in Figure 20. This graph shows the speed of water to bedrock as one 
traverses 1-65 from the south to the north end of the study area. The slowest rates are in 
the sinking stream portion (southern end of 1-65) of the study area. These calculated 
infiltration rates are from lab permeability data (Latham, 1969; Barton, 1981; USDA, 
unpublished). 
SOIL SERIES time to drain 
in hours 
Ba Baxter 15 
Mo Mountview 24 
Nh Newark 30 
Ca Caneyville 30 
No Nolichucky 30 
Cr Crider 30 
Not Nolin 30 
Fr Fredonia 30 
Pb Pembroke 36 
Me Melvin 36 
Ha Hamblen 36 
Cu Cumberland 36 
St Straser 36 
Tb Talbott 60 
Ch Christian 80 
Sa Sango 171 
La Lawrence 300 
Ta Taft 316 
Table 6. The theoretical time for infiltration water to reach bedrock was calculated 
from the maximum permeability rate divided by the minimum depth to bedrock 
values from the USDA soil survey data. 
71 
Soil Series Depth to Bedrock (m) 
min. max j 
Rock Island 0 
Fredonia 0.5 0.9 
Caneyville 0.5 0.9 
Baxter 0.8 3.0! 
Talbott 0.9 3.0 i 
Mountview 1.2 2.4! 
Christian 1.2 2.1 
Nolin 1.5 
Pembroke 1.5 3.0 : 
Nolichucky 1.5 
Newark 1.5 
Crider 1.5 3.0 
Lawrence 1.5 
Hamblen 1.8 3.0 
Melvin 1.8 1.8, 
Sango 1.8 1.8! 
Strasser 1.8 1.8 
Taft 1.8 3.0 I 
Cumberland 1.8 6.1 
Table 7. Depth to bedrock range from the USDA Soil Surveys arranged from minimum 
to maximum depth. 
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Figure 20. The distribution of the calculated speed of water to bedrock along 
Interstate 65 within the study area. These data are from Tables 2, 6, and 7. 
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4. Field soil percolation rates 
The field percolation rates were tested in four areas along 1-65. The data for the 
drain rate experiment are summarized in Figures 21 and 22. Figure 21 graphically shows 
the variation for each sample location along with the sinkhole identification number from 
the haz-map book (Meiman et al., 1996), the soil type, and its associated infiltration rate. 
Figure 22 graphically shows all of the data together from the 4 sampling locations. Three 
different soil series were represented and all were rated at 1.5 to 5.1 cm/hr and classified 
as silt loam soils in the upper horizons. The results varied from the theoretical rates with 
both slower and faster rates being observed. The slower infiltration rates were mostly 
found in a field that had been recently occupied by a herd of cows. The soil in this field 
was very hard and had been compacted by their hoofs. The soils with faster rates had 
higher infiltration rates most likely due to concentrated flow through macropores in the 
soil. Macropores were noted at some test locations when the test pipe was pulled out of 
the ground. These macropores varied from approximately 1.5 mm to 4 mm in diameter 
and function as potential contaminant entry points into the karst drainage network. 
5. Culvert flow velocities 
The speed of water flow in culverts and concrete lined ditches was measured in 
three drainage areas. These measurements were made after a rain event sufficient to 
cause water flow in the drainage systems along 1-65. Table 8 summarizes the distance 
covered, the flow time to the outfall or sinkhole drain, the discharge in liters per second, 
and the speed of water flow in meters per second. The length of time for the dye to flow 
from the beginning of water flow to the culvert outfall varied form 2 to 11 minutes. The 
SOIL PERCOLATION RATES ALONG 1-65 
DATA COLLECTED JUNE, 1995 
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Figure 21. These graphs show the measured drainage rate of soils within 4 sinkholes 
along I-65. The horizontal lines show the range given for the soil type from the UDSA 
soil survey data. 
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Figure 22. Measured water infiltration rates from 4 sinkholes along Interstate 65. These 
data were collected on June 3 & 5, 1995. This experiment utilized 5 cm thin-wall plastic 
pipes that were hammered approximately 2 cm into the ground. The pipes were 
subesequently filled with 25 cm of water. The rate of infiltration was then measured with 
a stopwatch. The faster rates indicate water flow into soil macropores. 
WATER PERCOLATION RATE 
FROM SOIL ATLAS 1.5 TO 5.1 cm/hr 
578 cm/hr 
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11 minute time was longer than the other two locations because the culvert pipe had 
negative gradient, which caused water to back-up into the pipe and create a sump. The 
flow rates varied from 1.1 to 3.0 m/s. These values would be much greater during a 
larger rain event that would bring higher amounts of runoff from the roadway. 
Time (min.) 1 distanceim) Rate (m/s) | Discharge (Q) L/s 
2 300 2.5 0.3 
3.5 450 3 1 
11 700 1.1 4 
Table 8. Water flow rate data from three culverts along Interstate 65 in the vicinity of 
mile markers 51 and 52. The speed was estimated when small quantities of dye were 
added to runoff and timed along the concrete lined ditches and culverts. Discharge was 
estimated with a 20 liter bucket and a stopwatch. 
6. Cutter frequency results 
Three road cuts were examined to determine the average distance between cutters 
and the relationship between bedding plains, cutter development and horizontal cave 
development. The lengths of the road cuts and the number of cutters that are at least 3 m 
deep are summarized in Table 9. The average distance between the cutters is 4.2 m from 
all three road cuts, plus or minus approximately 0.5 m. This average value of only 4.2 m 
corresponds to the high degree of karstification found in the Ste. Genevieve Limestone in 
the study area. This high level of solubility has resulted in nearly all of the Ste. 
Genevieve Limestone being dissolved once the overlying cap rock was gone. 
Road cut identified as RC1 on Plate 1 
Road cut on west side of 1-65 1.1 km south of Hart Co. line. 
Length of road cut = 213 meters 
# of cutters = 51 
ave dx between cutters = 4.18 meters 
notes: one exposed dome - one cave entrance (no air) - 14 horizontal solution features 
Road cut identified as RC2 on Plate 1 
Road cut on east side of 1-65 1.9 km north of Park City interchange (top of hill). 
Length of road cut =183 meters 
# of cutters = 41 
ave dx between cutters = 4.46 meters 
notes: one cave entrance about 5 meters above road (filled with boulders) - 11 horizontal solution features 
one bedding plane has numerous anastimoses channels and only one cutter goes below this bedding plane (possible confining layer) 
Bedding plane had large ice flows on 12/30/95 from the possible confining layer. 
Road cut identified as RC3 on Plate 1 
Road cut on east side of 1-65 just north of Park City interchange. 
Length of road cut = 244 meters 
# of cutters = 64 
ave dx between cutters = 3.81 meters 
notes: one cave entrance (no air) - 13 horizontal solution features - area with small solution holes but no joint or bedding plane 
4.18 
4.46 
3.81 
12.45 | 4.15 = ave dx between cutters 
Table 9. Data from road cut measurements along 1-65. Data collection locations are 
shown on Plate 1. Cutters had to be at least 3 meters deep to be tabulated. 
CHAPTER VI 
DISCUSSION 
1. Karst groundwater sensitivity and vulnerability 
Karst groundwater is generally more susceptible to contamination than laminar 
flow groundwater aquifers primarily due to the speed of both recharge and groundwater 
flow (Quinlan, 1986; Crawford, 1989b). Karst aquifers can be considered to have both 
sensitivity and vulnerability (Ray, 1993). As it applies to contamination of groundwater, 
the sensitivity is related to the intrinsic efficiency of groundwater movement. This 
efficiency of movement includes all three factors of groundwater movement: recharge, 
flow, and discharge. Vulnerability is being susceptible to physical injury and includes 
the cultural environment upon which the naturally occurring hydrogeologic and 
biological systems exist (Ray, 1993). More specifically, sensitivity describes how easily 
the groundwater could be contaminated by looking at the physical characteristics of an 
aquifer, and the vulnerability describes the likelihood that human activities could harm an 
aquifer by looking at land use activities. 
Groundwater sensitivity is proportional to the speed of groundwater movement 
both into and through the aquifer. From the E.P.A.'s DRASTIC: A Standardized System 
for Evaluating Groundwater Pollution Potential Using Hydrologic Settings (Aller et al., 
1985), a standardized index that utilizes hydrogeologic factors to evaluate an area or 
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region is described. The factors are shown in Table 10 and are the source of the name 
(acronym) DRASTIC. 
D - Depth to Water Table 
R - Net Recharge 
A - Aquifer Media 
S - Soil Media 
T - Topography 
I - Impact of Vadose Zone 
C - Hydraulic Conductivity 
Table 10. Hydrogeologic factors and source of the name DRASTIC (Aller et al., 1985). 
From these characteristics, ranks and weights have been used to rate the 
sensitivity of groundwater from contamination from human activities. South-central 
Kentucky is reviewed in the Nonglaciated Central Region, under Solution Limestone 
with an index of 196 and 216 (agricultural). These values correlate to the groundwater 
being highly vulnerable to extremely vulnerable. The highest indexes were found in 
areas with fractured or dissolved rocks and unconsolidated larger sediments (sand and 
gravel) because of their rapid recharge and flow conditions (Aller et al, 1985). The 
DRASTIC index was applied by Smith and Crawford (1989) for the Warren County, 
Kentucky, Comprehensive Plan and showed that areas in the Pennyroyal Sinkhole Plain 
were in the Extremely Vulnerable (>200) category and included 63% of the county 
(Smith and Crawford, 1989). 
According to Ray's (1993) Sensitivity Scale (Table 11) the Mammoth Cave 
aquifer would fall into the Extremely Sensitive rank due to the flow velocities recorded 
during dye traces of over 1.0 km/hr (Tables 4 and 5). Quinlan and Smart (1991) use a 
cubic conceptual model to determine the vulnerability of carbonate aquifers (Figure 23). 
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Characterization Relative Scale Potential Groundwater Velocity 
Extremely Sensitive 5 >100 m/day 
Highly Sensitive. 4 1 0 - 1 0 0 m/day 
Moderately Sensitive 3 1 - 1 0 m/day 
Slightly Sensitive 2 0.1 - 1 . 0 m/day 
Weakly Sensitive 1 <0.1 m/day 
Table 11. Groundwater sensitivity scale from Ray, 1993. 
CLASSIFICATION O F C A R B O N A T E A Q U I F E R S 
HYPERSENSITIVE 
KARST AQUIFERS 
VERY SENSITIVE 
KARST AQUIFERS 
MODERATELY SENSITIVE 
KARST AQUIFERS 
SLIGHTLY SENSITIVE 
NON-KARST AQUIFERS 
(In Fractured Rock) 
NON-AQUIFERS 
Figure 23. This is a conceptual model for carbonate aquifers, which recognizes the 
independence of recharge, flow, and storage of groundwater. Numbers 1 to 4 depict the 
relative sensitivity of karst and non-karst carbonate aquifers. Each of the three axes 
represents a different non-arithmetic continuum. Boundaries between fields are 
approximate, intuitive, and transitional, (from Quinlan etal., 1991) 
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The model uses recharge, storage, and flow as the three independent variables for 
determining the vulnerability of the aquifer. Using this simple model, the south-central 
Kentucky karst aquifer would be identified as a Hypersensitive Karst Aquifer because of 
the point recharge in swallets and sinkholes, flow in conduits, and the relatively limited 
amount of storage in the aquifer. One could even add another category to the models due 
to the unique cave fauna found within the groundwater of the cave system. Because of 
the size of the cave passages and the groundwater flow velocities that often surpass 
1 km/hr (Tables 4 and 5), the Mammoth Cave aquifer is extremely sensitive to human 
activities on the surface. 
From the previous models, it is clear that south-central Kentucky karst aquifer is 
very sensitive to groundwater contamination, but additional information is required for 
effective emergency response planning along the transportation corridors that traverse the 
south-central Kentucky karst. Data from physical characteristics found along 1-65 were 
examined in the research to identify sinkholes that could allow contaminants from a spill 
to more easily enter the karst. Physical data from both previous and new research were 
used to evaluate the sensitivity of the Mammoth Cave Aquifer from accidental chemical 
releases along 1-65. These factors were field checked to determine the suitability of the 
factors to the actual behavior of the study area. 
2. Groundwater flow characteristics in the south-central Kentucky karst 
Because groundwater sensitivity is proportional to the intrinsic efficiency (ease of 
movement) of groundwater, knowing the speed of water flow both into and through the 
aquifer is critical for determining aquifer sensitivity to contamination. The flow 
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characteristics for laminar flow aquifers, which are sometimes more homogeneous than 
karst aquifers, often can be determined through the use of pumping and slug tests in 
piezometers and wells. Karst aquifers, with their often turbulent groundwater flow, 
cannot be fully characterized by examination of discrete wells drilled into bedrock, the 
reason being that the majority of the groundwater flow can be through a system of 
integrated conduits and cave passages located within the bedrock. Quantitative dye 
tracing is one of the best tools available to karst hydrologists for determining the flow 
characteristics of a karst aquifer. Other factors that provide information on the efficiency 
of groundwater movement can be determined by examining the stage and discharge of 
cave streams during rain events to determine the level of "flashiness" (White, 1988). 
This flashiness is often described as a ratio of base flow (or low flow) to maximum (or 
flood) flow. Many of the springs in the central Kentucky karst have flashiness ratios of 
1:100 while less open karst aquifers are characterized by much lower ratios of 1:4 to 1:10 
(White, 1988). 
Quantitative dye tracing can determine the speed, concentration, and persistence 
of the dye during a dye trace. Because dyes commonly used for dye tracing completely 
dissolve in water, the dye slug flowing through the conduits and cave passages will 
become spread out due to dilution and dispersion in the flowing water. The length of 
time that the dye is detectable in water samples is the persistence. The persistence is an 
indicator of the amount of damage a contaminant could cause in the event of a release 
into the cave environment. The groundwater flow characteristics of the aquifer being 
studied cause the dye breakthrough curve, which shows dye concentration versus time, to 
have a distinctive shape (Figure 24). The main features of a typical dye breakthrough 
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TIME (days) 
Figure 24. Typical dye breakthrough curve shape showing time to 
leading edge, time to dye peak concentration, and trailing edge of dye. 
curve include the leading edge, a peak, and a tail. An actual breakthrough curve will vary 
in shape from trace to trace and is influenced by several variables including type of dye 
injected, level of karstification, storage characteristics, antecedent moisture levels, 
seasonal factors, injection method, speed of recharge, speed of injection, timing of 
injection, and weather conditions. 
Dye breakthrough curves from four quantitative dye traces during basin 
delineation are shown in Figure 25. The curves all vary in several ways including shape, 
duration, timing of peak dye concentration, and length of dye persistence. The two 
breakthrough curves from the Logsdon River, Injection #'9 and #10, were from February 
. a CL Q. 
z 0 
1 
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z 
LU 
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Logsdon River Injection # 9 
Normal breakthrough curve. 
0.5 1 1.5 
TIME (days) 
Logsdon River Injection # 10 
Secondary dye peak is possibly related to 
adjacent conduit storage in the Logsdon 
River. 
1 1.5 
TIME (days) 
2.5 
XI 
Q. 
a . 
Dye breakthrough curve has a reverse shape 
with the peak near the end of the curve. 
Dye in the conduits was strung out due to 
low flow conditions and was flushed out of 
the system with a flood pulse, 19 days after 
injection. 
17 18 
TIME (days) 
Figure 25. Dye breakthrough curves for 4 quantitative dye traces are shown in this figure. The shapes of the curves 
vary due to the season, anticedent moisture levels, locations of injection, and timing of injection. 
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and April, respectively, during the late winter/early spring wet season. Injection #9 has a 
typical breakthrough curve with a quick peak and fairly short trailing edge of the dye. 
Injection #10 is similar except for a secondary dye peak. 
The secondary peak from Injection #10 resulted from one or more of several 
mechanisms including stream bifurcation (Mull et al., 1988), adjacent conduit storage 
(Hess and White, 1988; Recker et al, 1988) or from variations in rainfall intensity. A 
secondary peak during dye traces in the Logsdon River was also observed by Murphy 
(1992). His dye injection was into a sinking stream at Cinnamon Falls (Ray's Waterfall) 
located approximately 4 km west of Injection Location G near the top of Toohey Ridge 
(Meiman, 2001). The dye injection was 6 hr before a rain event that resulted in a 1 m 
flood pulse in the Logsdon River. This dye trace was repeated twice with no secondary 
pulse recorded. The second injection was made during a precipitation free period, and 
the third injection was made during a flood pulse recession. Since neither of these 
subsequent traces was during or at the beginning of a flood pulse, Murphy concluded that 
the secondary dye peak was likely the result of conduit adjacent storage. 
The dye injected during Injection #10 for this project was during the first runoff 
from a parking lot during a thunderstorm. This thesis dye trace was initiated during a wet 
season thunderstorm that had sufficient inflow to raise the stage of the Hawkins River 
nearly 10 m (Figure 17), with a increase of 8.2 m in only 5 hr (average rate of 1.6 m/hr). 
The time to travel to the confluence was 9.5 hr with the dye peak at 10.3 hr. The 
secondary peak arrived at 20 hr. These high flow conditions are in contrast to the 
conditions during Murphy's dye traces into a sinking stream during the summer. In 
addition, his dye trace was injected 6 hr prior to a rain event that resulted in only a 1 m 
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flood pulse. The double peak dye trace from Injection #10 was likely from a combination 
of stream bifurcation and conduit adjacent storage. The area downstream from Pete's 
Strange Falls is a section of the Logsdon River that cannot be followed until it rises again 
near the confluence of the Logsdon and Hawkins Rivers (Meiman, 2001). According to 
Meiman, the hole in the Lost River Chert at Pete's Strange Falls exceeds its flow capacity 
at a stage of 1 to 2 m at the Logsdons and Hawkins confluence monitoring stations. The 
large side passage near the Doyle Valley Entrance begins to take overflow water at a 
stage of 4 to 5 m (Meiman, 2001). With a stage increase of almost 10 m, the river level 
had more than sufficient flow and stage to overflow into this large, usually dry passage; 
thus, bifurcation maybe a cause of the secondary peak. Adjacent conduit storage and 
bank storage (Hess and White, 1989 and Murphy, 1992) are also likely factors in this 
secondary peak, especially when the hindrance of flow at Pete's Strange Falls is 
considered. When the river was recovering from the flood pulse, the dye that had been 
pushed into the adjacent conduits upstream could have been released back into the master 
conduit during the flood recession resulting in the secondary dye peak. Injection #9 did 
not have a secondary peak, which could be due to the timing or location of the dye 
injection. The dye was injected about two hr after runoff had begun and was apparently 
not displaced into the adjacent conduits during the flood pulse. Also, the dye was 
injected at the southern end of the Cave City sub-basin and additionally the water 
possibly entered the Logsdon River farther downstream than Injection #10. 
Dye injections #12 and #13 (Figures 15 and 16) were from the same sinkhole and 
during the summer dry season which led to very different shaped dye breakthrough 
curves than Injections #9 and #10. Injections #12 and #13 were a repeat of Injection #8 
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that was positive in both the Hawkins and Logsdon Rivers during high flow with a travel 
time of 10 hr (approximately 0.85 km/hr) to the Hawkins River well and 7 hr 
(approximately 1.21 km/hr) for the Logsdon River well. Both traces from the dry season 
were positive in the Hawkins River only and were much slower at approximately 17.8 
and 2.7 days (approximately 0.02 and 0.13 km/day), respectively. The seasonal 
difference in groundwater speed is primarily due to the low antecedent moisture levels 
and high levels of evapotranspiration, which result in less runoff and infiltration of water 
into the aquifer during rain events. From Figure 26, the stage shows the three flood 
pulses from the rain events that were used for the two dye injections. The first pulse of 
0.185 m was from about 3 cm of rain on September 16, the second pulse of 0.065 m was 
from 2.5 cm of rain on October 3, 1995, and the third pulse of 5.33 m was from 9.7 cm of 
rain on October 5, 1995 (Mammoth Cave National Park, unpublished data, 1995). The 
dye from Injection #12 was not detected for 17.4 days and did not peak for another 1.9 
days. As soon as the stage began to rise from the third rain event, the dye levels dropped 
to zero, most likely because of the displacement of the water that contained the remainder 
of the fluorescein dye. The dye from Injection #13 was positive 2.7 days after injection 
and peaked 9 hr later. The dye was detectable for 11 days in the water samples. 
The dry weather dye breakthrough curves are clearly different from curves during 
the wet season. Water soluble hazardous materials, if spilled during a rain event, could 
travel through the karst aquifer in a similar manner to the fluorescent dyes used during 
this study. If the material were toxic, cave life in the streams, and side passages during 
flood events, could conceivably be severely impacted during one spill. The dye 
breakthrough curves (Figure 25) reveal information concerning the sensitivity of the 
255 260 265 270 275 280 
Julian time/date 1995 
285 290 
Figure 26. Quantitative dye traces to the Hawkins River with stage data for dye injection #12 (fluorescein) and dye 
injection #13 (Eosine). Both dye traces were injected into Location E on Plate 1 during low flow conditions in late 
summer. The large flood pulse was from rains associated with Hurricane Opal. This figure is the same as Figures 15 and 
16 except the scale has been changed to emphasize the smaller flood pulses that were associated with the dye injections. 
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south-central Kentucky karst aquifer and how the season might effect the possible 
outcome of a spill. A spill in the wet season might allow contaminants to be flushed 
through the system quickly and also be partially diluted which would possibly reduce the 
harm to cave life. However, a spill in the dry season would likely have the opposite 
effect on the cave environment. The increase in the residence time and the lack of 
dilution during low flow conditions could allow contaminants to exist at higher 
concentrations in cave streams which could last for several days and could potentially do 
more harm than a spill in the wet season. A significant increase in residence time might 
also increase the amount of fumes that could be carried through the air filled portions of 
the cave system (Crawford, 1984). 
3. Sinkhole sensitivity factors and field testing 
The factors for a sensitivity and vulnerability index for the sinkholes along 1-65 in 
the Turnhole Bend Spring Basin were proposed as follows: a) type of sinkhole, b) soil 
type(s) present, c) depth to the water table, d) special features/hazards, e) length of 
highway in sinkhole basin, and f) roadway construction type. The first three factors are 
covered under sensitivity and the remainder is covered in the vulnerability section, 
a. Type of sinkhole drain 
The major purpose of the hazard mapping project was to identify sinkholes or 
areas that are especially sensitive to groundwater contamination due to accidental 
releases. The final outcome of this work was the hazard map book. (Meiman et al., 
1996). The book identified each individual sinkhole drainage basin described by a 
classification (Table 1). Figure 19 is an example sheet from this publication and shows 
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the complex nature of the drainage along 1-65. Note the number of sinkhole drains and 
hazards referenced in a relatively short distance along the interstate. There are 19 
potential sinkpoints spread along approximately 0.9 km of the interstate highway. The 
preliminary data from this publication were utilized, along with field checking during 
rain events, to identify suitable dye injection locations. During the course of the 
fieldwork, it became apparent that the relationship between the classifications and the 
speed of recharge appears to be more complicated than previously believed. The various 
contradictory factors as discovered during the fieldwork are discussed below. 
i. Fast dye trace from a Type IV sinkhole - The dye from Injection #10 at the 
Cave City interchange was into a type IV sinkhole that receives runoff from both 1-65 
and the Oasis Hotel's parking lot. Five and one-half (5.5) kg of fluorescein were injected 
into a culvert pipe about five minutes after the first runoff began to flow into the sinkhole 
bottom. The discharge from the culvert was measured at a rate of 20 L/s just after the 
dye injection. Ponding of the sinkhole began almost immediately after runoff began to be 
channeled into the basin. When the trace was completed, the time of travel for the 9 linear 
km to the confluence of the Hawkins and Logsdon Rivers was only 9.5 hr or about 1 
km/hr. The speed of this dye trace was surprising, especially when one considers that the 
water ponded in the sinkhole almost as soon as water entered the depression (Plate 1, 
Location G). 
There are several reasons for this dye trace being such a fast one, especially for a 
type IV sinkhole drain. This particular sinkhole was floored with leaves, mud, and 
organic debris and had no visible openings. When a sinkhole drain becomes partially 
plugged, ponding will occur when the runoff exceeds the capacity of the drain, but water 
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will still be flowing through the sinkhole drain, only at a slower rate than if the drain 
were not clogged. This means reduced flow rate sinkholes that temporally pond during 
rain may also be sensitive to spills, not just the open-throat depressions. 
An additional explanation for the speed of this dye trace was possibly due to the 
timing of the dye injection. Since the runoff comes from both a large hotel parking lot 
and the interstate, this sinkhole likely received runoff before many of the other sinkholes 
in this sub-basin. Parking lot runoff started about ten minutes before any runoff flowed 
from the culvert pipe from 1-65. This early runoff might allow the dye to reach base level 
cave streams before other sinkhole basins had time to respond to the rain, especially in 
sinkholes that receive runoff from natural ground surfaces. With the dye injected into the 
first portion of the flood pulse, a much faster dye trace was the end result. This dye trace 
showed that a type IV sinkhole can, in some cases at least, transmit water as fast as an 
open sinkhole. In addition, it shows that the drain in this sinkhole is only partially 
clogged. Only sinks with perennial ponds can be truly considered clogged and nearly 
closed to the karst aquifer below. Due to the dynamic nature of sinkholes, however, 
sinkhole ponds have been known to drain overnight. The conclusion is that a 
classification based solely on visual description of a sinkhole's characteristics may not be 
adequate to fully characterize drainage. 
ii. Macropores - Macropores are small openings in the soil matrix and range 
from just visible to 4 mm or larger in size. These voids within the soil may provide 
significant permeability in karst regions, in some cases altering a sink's recharge 
characteristics. Macropores are formed by the combination of worms, rotten roots, and 
seasonal moisture and volume changes (shrink/swell). When exposed in a freshly broken 
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hand sample of soil, the macropores often exhibit a slightly different coloration from the 
surrounding soil. Often, the silted-up remnants of these small capillaries can be seen 
where water table activity intrudes into the soil. In karst terrains, macropores can be very 
important to the recharge of water into the karst aquifer due to solutionally enlarged 
bedding plains and joints in the epikarst that drain directly into tributary passages located 
in the bedrock (Smith and Crawford, 1989). The presence of macropores in the soil was 
noted in several of the samples during the investigation into infiltration rates. The 
infiltration tests were performed in type IV and V sinkholes and swales to determine the 
drainage rates of soils in the field. Macropores were visible in approximately one fifth of 
the soil plugs sampled. The size of the macropores visible varied from about 1 to 3 mm 
and were visible in the more permeable samples. Macropores and their associated fast 
drainage rates show that there can be a large amount of groundwater recharge that occurs 
through the soil in areas away from the actual sinkhole bottom or sinkhole drain. This 
evidence also shows the vulnerability of the areas between the sinkhole drains 
themselves. 
iii. Recharge between sinkhole drains - Due to the large number of 
solutionally enlarged bedrock openings, the recharge of groundwater between sinkhole 
drains becomes important when evaluating the sensitivity and vulnerability of the 
groundwater. Recharge of groundwater between sinkhole drains is apparent when one 
looks at the patterns of dissolution found in the roadcuts along 1-65. The study area has 
numerous roadcuts with the three largest selected to study the epikarst drainage networks 
below the soil/bedrock interface. The roadcuts studied are all located in the Ste. 
Genevieve Limestone and contain many distinct karst features. No large St. Louis 
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Limestone roadcuts were found in the study area. The roadcuts feature a highly 
weathered zone with both shallow and deep cutters. This zone is the epikarst or 
subcutaneous zone. Numerous solutional features were found in the bedrock exposed in 
the roadcuts and included intersected vertical shafts and small horizontal cave passages. 
Some of the small cave passages were anastomoses channels located along bedding plain 
partings. These anastomoses channels are usually seen only where a cave passage 
intersects them or in the ceiling of a cave passage and are often a braided maze along a 
bedding plain. These solutional features are also frequently seen between floating 
boulders after construction blasting. Figure 27 shows epikarst water flow from a 
bedding plain exposed in a roadcut located within the Gorin Mill groundwater basin. 
They have been linked to both being the precursors of a larger cave passage or forming 
along a bedding plane that is subject to high pressure water during flood pulses (White, 
1988). 
The relations between cutters, bedding plains, and horizontal cave development 
were also noted in the three roadcuts. Vertical water movement and horizontal cave 
development along preferential bedding plains is quite apparent in two of the roadcuts. 
Each roadcut has several prominent bedding plains that tend to have anastomoses. These 
bedding plains are also where a majority of the cutters terminate. Figure 28 shows one of 
the larger cutters in RC2. The bedding plain at the terminus of this cutter is associated 
with anastomoses channels along the sides of the cut. This association may suggest 
either a slight confining nature of the lower bed or simply that the bedding plane area has 
a higher primary and/or secondary porosity which allowed a greater amount of water 
transportation horizontally. The prominent bedding plains are taking the vertically 
Figure 27. This photograph shows epikarst water flow coming from a set of 
anastomoses channels. The water flow drops about 2 m and sinks into the ditch of the 
roadway. This roadcut is located just north of the Horse Cave exit on Interstate 65. 
Figure 28. One of the large cutters is shown in this photograph. This cutter is located 
near the center of roadcut RC 2. 
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percolating water from rain and channeling it to more developed vertical drains which led 
directly to the water table and master cave streams below. This epikarstic drainage 
pattern, on a much smaller scale, is in ways similar to the pattern of deep cave 
development along the Cumberland Plateau Escarpment (Crawford, 1987 and 1989a). 
The number of horizontal solution features that are found in the roadcuts, well 
above the water table and between sinkhole drains, leads to several questions: 1) What is 
the origin of the anastomoses and small horizontal cave passages? and 2) When did they 
form? Evidence for both questions lies in the locations of the anastomoses, cutter depths 
and profile of the two roadcuts. The taller of the two roadcuts, RC2, has two bedding 
plains that contain numerous anastomoses. The upper bedding plane has the channels 
developed over its entire length, while the lower bedding plane only has anastomoses 
near the surface at the ends of the roadcut. The middle of the larger roadcut, where the 
limestone is the most solid, has no anastomoses present. The middle area does have 
several small horizontal cave openings that exhibit evidence of recent water flow 
including flowstone, plants, and ice flows during sub-freezing conditions. The two 
bedding plains are also the terminus of the cutters with several large cutters terminating at 
the lower bedding plane near the middle of the roadcut. The absence of anastomoses in 
the middle of the roadcut is evidence for these features being relatively young and a part 
of the epikarst development. If the anastomoses were formed when the water table was 
much higher, presently near 60 m deep below the roadcut (Quinlan and Ray, 1989), from 
the "random circulation of water" (Bretz, 1942), the anastomoses also would be located in 
the middle of the roadcut. White (1988) points out their role in the earlier stages of cave 
development but postulates that they do not have to form at depth below the water table 
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as Bretz believed. Ewers (1966) suggested that the role of anastomoses is in the earliest 
stages of cave development when flow rates are small and hydraulic gradient is high. 
Palmer (1977) suggested that anastomoses form along active conduits from high pressure 
backflooding during periods of high water. Both conditions could be met in the epikarst 
zone which would correspond to conditions during rain events just below the soil-
bedrock interface. During storms, the sudden inflow of water into the epikarst could 
become backed up if the lower portion of the solutionally enlarged openings found in the 
epikarst were to become clogged with soil or organic debris. This condition might 
produce localized conditions of pressurized conduit flow in the epikarst. Water might 
also be forced deep into joints and bedding plains during rain events which could also 
lead to increased anastomotic development in the bedding plains. Evidence from the 
roadcuts shows that the anastomoses channels formed as the surface weathers away and 
cutters intersect preferential bedding plains. When rainwater enters the cutters, CO2 from 
the soil makes the water undersaturated with respect to the limestone. The limestone is 
then dissolved along the bedding plane to form the anastomoses channels. After the 
bedding plane has opened up, water flow will become concentrated and directed through 
the least restrictive flow path. These small conduits eventually direct water to the water 
table through the vadose zone. 
iv. Temporally dependent visual indicators - During this study, it became 
apparent that visual indicators during field observations for the sinkhole classifications 
changed over time and are another complication. The difference between a type IV and 
V sinkhole is based on the physical drainage characteristics of the two types. A type IV 
sinkhole shows no signs of ponding and is fairly well drained and a type V may pond 
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after rains and is poorly drained. The two types may be similar in shape with no collapse 
or open drains and often have a smooth bottom. Type IV and V sinkholes are 
distinguished based on visual evidence of ponding, indicating a difference in recharge 
rates. However, the visual clues can change over time. During the soil infiltration rate 
testing fieldwork occasional discrepancies were noted in the appearance of a sinkhole one 
week after a rain event and after a three week dry period. One sinkhole had signs of 
water ponding with a circular area of dead looking plants with a thin mud coating on the 
leaves. Three weeks later, these signs of flooding were gone, and the area with the dead 
looking plants was now green and looked the same as the rest of the sinkhole. This visual 
change suggests that the timing of the observations may influence the ranking of the 
sinkholes. 
b. Soil types present 
The distribution of the infiltration time to bedrock (Figure 29) from the USDA 
soil surveys shows that the slowest values occur in the sinking stream portion of the 
drainage basin area, upstream of the swallets, where the development of solutionally 
enlarged conduits is at a minimum (Figure 1). The groundwater in the Glasgow Uplands 
area is perched on the less soluble shaly, lower St. Louis Limestones with its surface 
streams sinking along the margin of the sinkhole plain. This area has the shallowest 
water table in the study area, varying from 0.5 to 7 m below the surface and is also prone 
to flooding near the terminus of the sinking streams (Quinlan et al., 1983). During major 
flood events, Little Sinking Creek can flow across a road to a sinkhole just south of 1-65 
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Figure 29. Water percolation rate from surface to bedrock calculated from soil atlas data 
along 1-65. Rate was calculated from the minimum depth to bedrock divided by the 
maximum permeability rate. This scenario represents the fastest infiltration rate for a 
given soil type. The slower rates at the southern end are located in the sinking stream 
area of the groundwater basin. The gaps represent rock outcrop areas. Nineteen soil 
types are represented by 141 data points. The x-axis is not proportionally scaled. This is 
a linear representation of the soil types crossed by 1-65 within the Turnhole Bend 
groundwater basin. 
that has been dye traced to Graham Springs on the Barren River (Quinlan and Ray, 
1989). The shallow water table, frequent flooding, and absence of dissolution in the 
bedrock has led to some soils that percolate more slowly than the soils in the sinkhole 
plain area which often drain much faster. 
One problem noted from the data from the soil surveys is that the data are not 
consistent at the county boundaries in the sinking stream area near the southern end of the 
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study area. This inconsistency could result in false assumptions about the speed of water 
infiltration in this area which is an indicator of the sensitivity of the groundwater. The 
Lawrence soil in Warren County is located adjacent to Little Sinking Creek and is rated 
as poorly drained with a slow permeability with a theoretical speed to bedrock of 300 hr. 
The Sango and Taft soils of Barren County are the other two slow soils with drain times 
of 171 and 316 hr, respectively. The slow drain time is primarily due to a fragipan (hard, 
near impermeable soil layer) in the lower portion of the profile which inhibits the 
infiltration of water. The Sango and Taft soils are also located in the sinking stream area 
with the Sango soil adjacent to the Lawrence soil and the Taft soil located in an unnamed 
sinking stream bed. The soils from the Edmonson County Soil Survey (unpublished) 
have no slow or poorly drained soils listed in the sinking stream area which includes 
Gardner Creek and an unnamed sinking creek. The soils in the sinking stream area may 
be more uniform than the data from the soil surveys show due to the hydrogeologic 
conditions being the same for the area. Also the slow rate of water infiltration would be 
conducive to runoff, and any contaminated runoff will be directly injected into the karst 
at the margin of the Sinkhole Plain - thereby making the area more sensitive to spills 
along the interstate due to runoff potential. The water table is generally above the soil 
bedrock interface in the sinking stream areas and ranges from 0.6 m to less than 0.3 m. 
This shallow water table would allow groundwater that is in the soil to easily become 
contaminated and to flow into the cave system (Gunn, 1985). 
These observations suggest that the sensitivity of sinkholes cannot be predicted 
from the soil type and properties alone. By looking at the mapped soil types, laboratory 
permeability values, and depth to bedrock, a relative comparison was made between the 
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soil types. This comparison showed that the only soils in the study area that had 
significantly slower infiltration rates and drainage rates were located in the sinking 
stream area (Figure 29). This area has an extremely shallow water table and perennial 
streams that sink along the edge of the Sinkhole Plain. With the fact that these streams 
sink and flow through Mammoth Cave, the slow permeability of the soil would not make 
these areas less susceptible to contamination from a sudden release. 
c. Water table depth 
The depth to the water table is one of the major factors in the DRASTIC Index for 
determining the sensitivity and vulnerability of groundwater (Aller et al, 1985). 
DRASTIC assumes that a shallower water table would be more sensitive because of the 
shorter time frame for any contamination to be diluted or remediated before it reaches the 
water table. This assumption is generally valid for laminar flow porous media aquifers 
but may be inaccurate in a well developed karst setting due to the speed of recharge and 
flow in the vadose zone. The depth to the water table within the study area ranges from 0 
to about 65 m below the surface of the terrain along 1-65 (Figures 30 & 31, Table 12). 
Even with this variation in the depth to the water table, the shallow and deep zones may 
be nearly as susceptible to contamination from spills due to the speed of recharge from 
the sinkhole drains and infiltration to the water table. Dye traces #8 and #10 along 1-65 
that were injected into sinkholes about 35 m above the water table were positive at the 
confluence of the Hawkins and Logsdon Rivers in less than 10 hr with an estimated dye 
travel distance of 8.5 km. The dye trace data shows that groundwater recharge is very 
efficient with measured flow rates of over one km per hour. The factor of depth to the 
Figure 30. Depth to water table along 1-65 as estimated from Quinlan and Ray (1989) and USGS topographic maps. 
1-65 MILE MARKER 
Figure 31. Water table and surface elevations along 1-65 as estimated from Quinlan and Ray 
(1989) and USGS topographic maps. o to 
1 0 3 
MILE WATER TABLE HIGHWAY DEPTH TO 
MARKER ELEVATION ELEVATION WATER TABLE 
meters meters meters 
41 176.8 182.9 6.1 
41.5 179.8 182.9 3.0 
42 181.4 182.9 1.5 
42.5 181.4 182.9 1.5 
43 179.8 185.9 6.1 
43.5 176.8 182.9 6.1 
44 173.7 185.9 12.2 
44.5 166.1 185.9 19.8 
45 158.5 189,0 30.5 
45.5 149.4 185.9 36.6 
46 144.8 185.9 41.1 
46.5 146.3 182.9 36.6 
47 146.3 195.1 48.8 
47.5 143.3 198.1 54.9 
48 146.3 207.3 61.0 
48.5 152.4 213.4 61.0 
49 158.5 204.2 45.7 
49.5 164.6 210.3 45.7 
50 170.7 207.3 36.6 
50.5 175.3 219.5 44.2 
51 175.3 234.7 59.4 
51.5 176.8 207.3 30.5 
52 176.8 216.4 39.6 
52.5 176.8 213.4 36.6 
53 176.8 213.4 36.6 
53.5 175.3 201.2 25.9 
54 173.7 198.1 24.4 
54.5 170.7 189.0 18.3 
55 169.2 198.1 29.0 
Table 12. The water table and ground surface elevations as estimated from 
Quinlan and Ray (1989) and USGS topographic maps of the study area. 
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water table being an indicator of the sensitivity of groundwater can be disregarded in the 
south-central Kentucky karst due to the well-developed system of sinkhole drains, shafts, 
and vadose conduits that lead directly to the water table. 
4. Groundwater vulnerability 
Groundwater vulnerability refers to the environment being susceptible to physical 
degradation from the cultural environment upon the naturally occurring hydrogeologic 
and biological systems (Ray, 1993). To completely protect the cave from human 
activities would require that the land not be used or lived on within the groundwater 
basins of the Park. Since this scenario is not reasonable, the groundwater and the cave 
system can best be protected by utilizing best management practices to minimize the 
risks. Best management practices include farming with fewer chemicals, erosion control, 
regional sewage treatment, and hazardous material spill protection. The purpose of the 
hazard mapping project along 1-65 is to help prevent the contamination of groundwater in 
the event of an accidental spill. Data from the sensitivity section were used to assess the 
threat of a spill and the possible preventive measures that can be taken. The vulnerability 
of the groundwater is examined in this section with emphasis on the location of a spill in 
relation to individual sinkhole basins, severity of the spill, and properties of the material 
spilled. The proposed vulnerability index utilizes the following factors: special 
features/hazards present, the length of highway in sinkhole basin, and the roadway 
construction type. 
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The location of a spill will impact the methods of remediation as well as the 
chances of preventing groundwater contamination in the event of an accidental release. 
The terrain along 1-65 within the Turnhole Bend groundwater basin includes both sinking 
streams and sinkholes. Any surface runoff may flow directly into the karst through 
swallets and sinkhole drains. The only exception to this possibility would be sinkholes 
that have become clogged with soil, sediment, and organic debris resulting in sinkhole 
ponds, both ephemeral and perennial. There are three zones where a spill can occur 
within the drainage area of a sinkhole: near the drain, along the flank, or along the 
divides. 
Spills that occur near a sinkhole drain can enter the aquifer very quickly. Any 
material that is injected directly will flow through the cave passages and may be difficult 
or impossible to stop due to the rapid nature of conduit flow, both vadose and phreatic. 
Spills along the flanks and drainage divides of sinkholes may behave quite differently 
from spills near the drain. Spilled materials can bond to soil particles, percolate through 
the soil, flow through macropores, and/or flow to the sinkhole drain. The behavior of the 
material that is spilled will depend on many variables that include the weather conditions, 
antecedent moisture levels, speed of the chemical release, soil/vegetation conditions and 
the properties of the material spilled. If the rate of a spill is great enough to cause 
overland flow, some material will likely be adsorbed by the soil, some will percolate 
through the soil and macropores, and the amount that cannot infiltrate the soil will flow 
toward a sinkhole drain. 
In addition to the natural terrain of the sinkholes, the drainage along 1-65 has been 
highly modified to more efficiently remove water away from the roadway. In many areas 
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along 1-65, overland flow is channeled by concrete culverts and lined ditches away from 
the roadway possibly increasing the vulnerability risks by concentrating runoff directly 
towards a sinkhole drain. The concentrated runoff has resulted in numerous soil 
collapses in sinkholes and along concrete-lined ditches. Additional hazards include 
cracked (and often undermined) concrete lined ditches and exposed crevices and sink-
points within ditches and swales. Modifications to the drainage along the interstate has 
increased the vulnerability of groundwater by increasing the chance that runoff will be 
injected into a sinkhole drain instead of infiltrating through the soil. In the event of an 
accidental spill during a rain event, the contaminant can often be transported very rapidly 
to the sinkhole drain if it flows into the system of culvert drains. 
The speed of water flowing along the lined ditches and culverts was timed during 
moderate flow conditions (Table 8). The fastest flow rates were 0.8 and 0.7 m/s and 
reached the sinkhole drains in about 2 and 3.5 minutes, respectively. The slowest rate of 
0.3 m/s was in a culvert that sumps at its outfall and took 11 minutes to reach the 
sinkhole drain at the bottom of the depression. These rates were measured after a 
relatively light rain and would be faster during a larger rain event or storm. Flow rates 
that are this fast may make remediation of a major spill nearly impossible unless the 
culvert flow can be stopped or diverted immediately. 
Spills that occur along the flanks of the sinkholes and between sinkhole basins 
during dry weather may act differently from spills near the drains and culverts. In some 
cases materials within the soil could be easily cleaned up if the release rate was relatively 
slow and if remediation were to commence rapidly. However, if the release rate of the 
spill was high or if it occurred during a rain event, infiltration through the soil and runoff 
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toward culverts could occur and allow the contaminants to enter the karst as easily as a 
spill near the sinkhole drain itself. 
Besides the location of a spill, the spill rate is one of the most important variables 
in determining the repercussions of an accidental release of a hazardous material. Since 
large tractor trailer trucks can carry as much as 20,000 liters of a hazardous liquid, a fast 
leak or tank rupture could totally drain before the first responders could arrive. Such an 
incident would be a worst case scenario, and the problem becomes much more acute once 
the material has been injected into the karst, especially if it were to occur during a rain 
event. On the other hand, if the release is slow, the leak might be stopped and the 
material transferred to another vessel. A slow leak during fair weather could result in 
some of the material being sorbed onto the soil's clay particles which could be cleaned up 
by removal of the contaminated soil. 
The physical and chemical properties of the material spilled are also very critical 
in determining the chances of remediation as well as the amount of harm to the cave 
system if the material enters the ground. "Hazardous materials" are those that are 
potentially harmful to animal and plant life and include the three basic phases: gases, 
liquids, and solids. One of the unique properties of a karst aquifer is that fumes from 
toxic materials could enter the karst, possibly even without groundwater contamination 
occurring. If the gases were toxic and denser than air, cave life, including cavers, could 
be adversely affected. 
The threat from hazardous solids may also pose a significant threat in karst 
regions due to the open system of conduits that can carry sediment during flood pulses. 
Powders and granular materials could be introduced into the groundwater if spilled into 
1 0 8 
runoff that drains directly into the caves. The threat from solid materials during an 
accidental release is minimal, except during rain events that can dissolve or carry the 
material to a sinkhole drain or sinking stream. 
Liquid hazardous materials pose the greatest threat to the groundwater in the 
south-central Kentucky karst aquifer. The physical and chemical properties of hazardous 
materials can be subdivided into two general categories that all relate to the material in 
water: soluble, LNAPL's, and DNALP's. Soluble materials will dissolve in water. 
LNAPL's are "light non-aqueous phase liquids" which do not or only partially dissolve in 
water and will float on the surface of water due to their low density and are sometimes 
referred to as "floaters." DNAPL's are "dense non-aqueous phase liquids" which do not 
or only partially dissolve in water and will sink in water due to their high density. They 
are sometimes referred to as "sinkers". Tables 13 and 14 list 30 common hazardous 
materials that comprise all three classes. The solubility of the hazardous materials in 
water are listed in Table 13 as a mass to volume ratio, in units of mg/L. Table 14 lists the 
density of materials by specific gravity, with water having a reference density of 1.0 at 4 
degrees Celsius. Materials with a density of less than 1.0 will float, and materials with a 
density greater than 1.0 will sink. 
The reason for the differentiation between these three types of liquids lies in their 
behavior when introduced into groundwater. The movement of non-soluble or partially 
soluble materials through a karst aquifer is quite different from soluble materials such as 
fluorescent dyes. From the quantitative dye traces during this study, the flow of soluble 
materials through the aquifer is swift and even the slowest dye trace had an average flow 
velocity of about 0.5 km/day. Floaters and sinkers, on the other hand, might become 
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C o m p o u n d 
S o l u b i l i t y 
(mg/1) R e f e r e n c e 
1 A c e t o n e 1 x 106" 1 
2 B e n z e n e 1.75 x 103 1(A) 
3 B r o m o d i c h l o r o m e t h a n e 4 . 4 x 103 2 
4 B r o m o f o r m 3 .01 x 103 KB) 
5 C a r b o n t e t r a c h l o r i d e 7 . 5 7 x 102 1(A) 
6 C h l o r o b e n z e n e 4 . 6 6 x 102 1(A) 
7 C h l o r o f o r m 8 . 2 x 10 ' 1(A) 
8 2 - C h l o r o p h e n o ! 2 . 9 x 2 
9 p - D i c h l o r o b e n z e n e (1 ,4) 7 . 9 x 10' 2 
10 1 , 1 - D i c h l o r o e t h a n e 5 .5 x 103 1(A) 
11 1 , 2 - D i c h l o r o e t h a n e 8 . 5 2 x 103 1(A) 
12 1 , 1 - D i c h l o r o e t h y l e n e 2 . 2 5 x 103 1(A) 
13 c i s - 1 , 2 - D i c h l o r o e t h y l e n e 3 .5 x 103 11 A) 
14 t r a n s - 1 , 2 - D i c h l o r o e t h y l e n e 6 . 3 x 103 1(A) 
15 E t h y l b e n z e n e 1.52 x 102 K A l 
16 H e x a c h l o r o b e n z e n e 6 x 10" 3 1(A) 
17 M e t h y l e n e c h l o r i d e 2 x 104 KB) 
18 M e t h y l e t h y l k e t o n e 2 . 6 8 x i o 5 1(A) 
19 M e t h y l n a p h t h a l e n e 2 . 5 4 x 10' 2 
2 0 M e t h y l t er t -buty l - e ther 4 . 8 3 
21 N a p h t h a l e n e 3 . 2 x 10' 2 
2 2 P e n t a c h l o r o p h e n o l 1.4 x 10' KB) 
2 3 P h e n o l 9 . 3 x lO4 1(A) 
2 4 T e t r a c h l o r o e t h y l e n e 1.5 x 10 : ll Al 
2 3 T o l u e n e 5 .35 x 10 : 1(A) 
2 6 1 , 1 , 1 - T r i c h l o r o e t h a n e 1.5 x I0 1 1(A) 
27 1 , 1 , 2 - T r i c h i o r o e t h a n e 4 .5 x 10' 1(A) 
2 8 T r i c h l o r o e t h y l e n e 1.1 x 101 1(A) 
2 9 Vinyl c h l o r i d e 2 .67 x 10' • 1(A) 
3 0 o - X y l e n e 1.75 x 10 : KCi 
•Solubi l i ty of I.OOO.OOO my/1 ass igned b e c a u s e of r e p o r t e d " inf in i te solubi l i ty" in the 
l i t e ra ture . 
1. Superfund Public Health Evaluation Manual. O f f i c e of Emergency and Remedial 
Response O f f i c e of Solid W a s t e a n d E m e r g e n c y R e s p o n s e . U.S. Env i ronmen ta l Protec-
tion Ayency. 1986. 
A. E n v i r o n m e n t a l Cr i t e r i a a n d A s s e s s m e n t O f f i c e l E C A O i . EPA. Health F.fleeti 
Assessments for Specific Chemicals. I485>. 
B. Mabey . W. R. . Smi th . J. H. . Rodo l l . R. T.. J o h n s o n . H. L.. Mill. T.. C h o u . T. U . 
G a t e s . J. . Pa t r i dye . I. W., J a b e r H. . a n d V a n d e r b e r n v D . . Aquatic Fate Process 
Data for Organic Priority Pollutants. EPA C o n t r a c t Nos. 68-01-3867 and 68-03-29M 
by SRI I n t e r n a t i o n a l , for M o n i l o r i n y a n d Da ta S u p p o r t Division. Of f i ce of Water 
Regu la t i ons a n d S t a n d a r d s . W a s h i n g t o n . D .C . . 1982. 
C. Dawson , el al . . Physical/Chemical Properties of Hazardous Waste Constituents 
by S o u t h e a s t E n v i r o n m e n t a l R e s e a r c h L a b o r a t o r y for USEPA'. 1980. 
2. USEPA Busies of Pump-and-Treat Ground-Water Remediation Technology. EPA 600 
8-901003. R o b e r t S. Kerr E n v i r o n m e n t a l Resea rch Labora to ry . M a r c h 1990. 
3. M a n u f a c t u r e r ' s d a t a ; Texas P e t r o c h e m i c a l s C o r p o r a t i o n . Gasoline Grade Methyl tert• 
butyl ether Shipping Specification and Technical Data. 1986. 
Table 13. Solubility of selected organic compounds in water (Nayler, 1992). 
Compound Specific Gravity* Reference 
1 Acetone .791 
2 Benzene .879 
3 Bromodichloromethane 2.006 (15°C/4°) 
4 Bromoform 2.903 (15°C) 
5 Carbon tetrachloride 1.594 
6 Chlorobenzene 1.106 
7 Chloroform 1.49 (20°C liquid) 
8 2-Chlorophenol 1.241 (18.2°C/15°C) 
9 p-Dichlorobenzene (1,4) 1.458 (21°C) 
10 1,1-Dichloroethane 1.176 
11 1,2-Dichloroe thane 1.253 
12 1,1-Dichloroethylene 1.250 (15°C) 
13 cis-1,2-Dichloroe thylene 1.27 (25°C liquid) 
14 trans-1,2-Dichloroethylene 1.27 (25°C liquid) 
15 Ethylbenzene .867 
16 Hexachlorobenzene 2.044 
17 Methylene chloride 1.366 
18 Methylethylketone .805 
19 Methyl naphthalene 1.025 (14°C/4°C) 
20 Methyl tert-butyl-ether .731 
21 Naphthalene 1.145 
22 Pentachlorophenol 1.978 (22°C) 
23 Phenol 1.071 (25°C/4°C) 
24 Tetrachloroethylene 1.631 (15°C/4°C) 
25 Toluene .866 
26 1,1,1-Trichloroethane 1.346 (15°C/4°C) 
27 1,1,2-Trichloroethane 1.441 (25.5°C/4°C) 
28 Trichloroethylene 1.466 (20°C/20°C) 
29 Vinyl chloride .908 (25°C/25°C) 
30 o-Xylene .880 
'Specific gravity measured for the compound at 20°C referred to w 
specif ied otherwise (20°C/4°C) . 
1. Lange's Handbook of Chemistry, 11th edition, by John A. Dean. McGrau-Hill Book 
Co. . New York. 1973. 
2. Hazardous Chemicals Data Book. 2nd edition, by G. Weiss. Noyes Data Corp.. New 
York. 1986. 
Table 14. Density (specific gravity) of selected organic compounds (Nayler, 
1992). 
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trapped and collect in deep areas and at sumps and might remain in the groundwater for 
extended periods of time (Figure 32). The potential persistence of these materials in the 
groundwater is the reason that they may possibly be much more harmful to the 
environment of the cave streams than soluble materials that become diluted and pass 
through the aquifer. 
The individual vulnerability factors are discussed as follows: special features and 
hazards, length of highway, and roadway construction type. 
a. Special features/hazards 
The vulnerability of the groundwater is greater where special features/hazards are 
found. Possible factors that could increase vulnerability include areas that are more 
susceptible to accidents. Some of these features include interchanges, bridges, sharp 
curves, and steep grades. Due to the relatively safe design of interstate highways, the 
only areas that stood out are the intersections at Cave City and Park City (Figure 33, Ky. 
State Police, 2001). These would be the two most vulnerable sites due to the sharp 
curves and braking zones that exist as well as the threat of accidents from crossing the 
road to exit or enter the interstate. These two locations are also more vulnerable due to 
bridges icing before roadways in the winter. The only other bridges in the study area are 
just south of the Park City exchange which cross 31-W and the CSX Railroad. A natural 
special hazard was uncovered during dye injection # 8 that flowed to both the Hawkins 
and Logsdon Rivers. The bifurcation of drainage during high flow conditions from this 
sinkhole might increase the number of cave passages that would be affected by a spill. 
CONCEPTUAL MODEL OF A NON-SOLUBLE 
CONTAMINANT FLOW IN A KARST AQUIFER 
LNAPL's will float along the surface of the cave stream 
and will become trapped at sumps. During flood pulses 
the LNAPL will mix with the turbulent water and will 
collect in air filled pockets and sumps down stream. 
Explosive and toxic vapors may collect in air-filled cave 
passages. These fumes can be carried to other areas of the 
cave system via air currents. 
DNAPL's will become trapped in the bottom of pools and 
in areas where sediment and breakdown have created 
dams. The non-soluble contaminant will mix with the 
turbulent water during flood pulses, but will often persist 
for long periods of time, especially if the material sinks 
deep into the karst. 
Figure 32. This is a conceptual model showing the behavior of non-soluble contaminants in a karst aquifer. This represents a 
segment of a typical cave passage at the water table. 
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Figure 33. The number of accidents along the study section of Interstate 1-65 are shown in this 
bar chart. The two peaks are centered around the two interchanges at Park City and Cave City. 
(Ky. State Police Office of Information Services, January, 1995 to May 2001). 
b. Length of highway in sinkhole basin 
Initially, before the fieldwork and the hazard mapping project had begun, the 
length of highway in each sinkhole basin was identified as a factor of vulnerability. 
However, once the initial work had begun, the complexity of the drainage of water from 
the interstate became more apparent. The original premise was that a larger sinkhole (for 
example a 300 m wide depression) would be more at risk than a smaller sinkhole 
depression. This premise would be a relatively straight forward one if sink-points were 
located only at the bottom of sinkholes. During this study, the number of breaches, 
underminings, and collapses within the system of culverts and lined ditches was more 
than originally believed. Also, because many of the areas, as shown in the Haz-Map 
book (Meiman et al., 1996), have divided drainage due to the crowned roadway, a section 
of the highway may drain to three or more sink-points, depending on the side of the 
roadway. The numerous sink-points within a sinkhole basin plus the drainage directly 
into the soil and macropores suggest that using the length of interstate that crosses 
individual sinkhole basins is not a reliable factor in determining the vulnerability. 
c. Roadway construction type 
This factor is based on the type of roadbed located within a sinkhole basin. The 
original concept involved comparing cut versus fill areas. Due to the complex nature of 
the construction of the interstate, the method of construction did not appear to have any 
effect on the vulnerability of groundwater in the Mammoth Cave Aquifer. The areas with 
fill or with a major road cut did not appear to have any less areas for water to enter the 
karst. A number of areas have a road cut on one side of the interstate and fill on the 
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opposite side of the roadway. These areas, as seen in the Haz-Map Book (Meiman et al., 
1996), have numerous sink-points in both cut and fill areas. From the information 
gathered during this study, the type of construction does not appear to be a factor in 
determining the vulnerability of the groundwater. 
CHAPTER VII 
CONCLUSIONS 
Basin and sub-basin delineation were performed along 1-65 utilizing dye tracing 
techniques with dye injection into sinkholes during rain events. The dye injection 
locations and inferred groundwater flow paths are shown on Plate 1. Additional 
information about the flow characteristics of the Mammoth Cave Aquifer was obtained 
by utilizing quantitative dye tracing near the boundaries of the Cave City/Patoka Creek 
sub-basin divides and near the Cave City interchange. These quantitative traces were 
performed during both the wet season and during a very dry summer. Previously, only a 
few quantitative dye traces had been performed in this area due to the inaccessibility of 
the confluence of the Hawkins and Logsdon Rivers during flood pulses. In this study 
such traces were performed utilizing newly installed water sampling well pumps. By 
utilizing time of travel data, a range in groundwater flow velocities was determined. 
These quantitative dye traces have shown that the flow rates of fluorescent dyes through 
the aquifer vary from a low value of 0.02 km/hr during the late summer dry season and to 
over 1.0 km/hr during flood pulses in the late winter/spring wet season. With such a 
variation in groundwater flow rates, the effects on the cave environment can vary 
considerably if an accidental release occurred within the drainage basin. Due to the 
increased residence time of the dye during the dry season, spills that occur during the 
drier periods of the year could do a greater amount of damage to the cave environment 
116 
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than if the spill were to occur during the wet season. This added risk is due to the lack of 
sufficient water flow to potentially dilute the contaminant as well as the increased 
residence time that a contaminant could have in the cave during the dry season. 
The sensitivity and vulnerability of the groundwater from accidental releases of 
hazardous materials along 1-65 were studied by looking at the physical and hydrogeologic 
properties of the natural drainage adjacent to 1-65. Factors that could rate the relative 
sensitivity of the groundwater were identified and included sinkhole type, soil type, and 
water table depth. 
In a parallel project, the sinkholes along 1-65 within the Turnhole Bend Spring 
Groundwater Basin were cataloged and published in a hazard map book that was 
published during this thesis research (Meiman et al., 1996). The sinkholes were rated 
according to a ranking system that utilizes visual indicators within the sinkholes. These 
properties, flat bottomed versus open throat, soil collapses present, and signs of flooding 
were devised to rank the sensitivity of the groundwater to spills. The surprising 
conclusion drawn from a dye injection into a sinkhole that ponded immediately showed 
that the visual indicators may not be a reliable method of determining the speed of 
recharge of a sinkhole. This particular dye trace had an average velocity of greater than 
1.0 km/hr and was one of the fastest rates observed during this study. 
Soil types that occur in the study area were studied to determine if there are areas 
with soils that could act as a barrier to spills from reaching the karst. By taking the 
existing soil survey data, an estimate of the speed of water to bedrock was calculated for 
areas with different soil types. The only soils that exhibited significantly slower 
permeability were located in the sinking stream area. This special hazard, perennial 
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sinking streams, negated any advantages that these soils exhibited. This area also has the 
shallowest water table. 
The water table implication of the DRASTIC model that states that a deeper water 
table results in a decrease in the sensitivity of groundwater. The water table was 
examined along 1-65 and varied from a shallow depth of a meter (or less) in the sinking 
stream area to over 50 m deep in places. Due to karst aquifers having very fast water 
flow in through the vadose zone, including free-fall in vertical shafts (dome-pits), the 
reduction in the sensitivity due to a deeper water table is negligible. In addition, 
quantitative dye traces performed where the water table is relatively deep had average 
horizontal flow velocities of 1.0 km/hr and greater. 
From the data and field observations, the sensitivity of the Mammoth Cave 
Aquifer does not vary within the study area to a degree that would cause one area to be 
any less sensitive than any other area along 1-65 in the event of an accidental spill. The 
general conclusion is that the entire section of 1-65 that crosses the Turnhole Bend 
Spring watershed is extremely sensitive to contamination from accidental spills. 
The vulnerability of the groundwater was also examined. The vulnerability is 
based on the likelihood of a spill occurring within a certain area. Theoretically, an area 
with a high sensitivity to contamination could have a very low vulnerability due to there 
being very little chance of a spill occurring. This leads to the conclusion that the 
vulnerability is the highest where the chances of a spill occurring is the greatest. From 
accident data collected from January 1995 to May 2001, two areas stood out with having 
a higher number of accidents. These areas included the interchanges at Park City and 
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Cave City. These areas were likely more susceptible to accidents due to the sharp curves 
and braking zones of the on- and off-ramps. 
These two interchanges would be prime locations for drainage modifications that 
could reduce the risk of an accidental spill being injected into the karst. These 
modifications could include runoff detention areas, runoff flow shut-off devices, and 
underlining ditches with impermeable materials. 
From the data collected during this research, a spill could reach a sinkhole drain 
in only a few minutes if spilled near a concrete lined ditch during a rain event. If runoff 
detention areas were incorporated into the drainage system, the amount of time for water 
to reach the sinkhole drains could be extended. These detention areas could also include 
graded filters that would also improve the water quality that is currently entering along 
the interstate. These filters could incorporate gravel, sand, and peat with a high flow 
overflow bypass design. Similar filters have been successfully used in Indiana (Keith, 
1997) and reduce the concentration of contaminants during the first flush of rainwater. 
Drain shut-offs and pump-interfaces could be added to these designs and potentially 
increase the chances of remediation, especially if responders were locally based. 
In addition, this section of roadway will likely be widened in the near future. Part 
of this widening of the interstate could include the improvement in the design of the 
ditches that drain water away from the interstate. One improvement would be to 
eliminate concrete lined ditches. A plastic liner (similar to landfill liners) could be placed 
in the ditch lines and covered with a thick topsoil layer. This impermeable liner would 
reduce the number of sink-points from the present high numbers and also reduce the 
potential for sinkhole collapses from forming in these ditches. In addition, runoff would 
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be slower the layer of soil above the liner would absorb some of the runoff and increased 
roughness coefficient (concrete versus grass) would slow the flow of runoff water. This 
design would likely reduce the first flush contaminants due to absorption by the soil 
particles. Also, in the event of a spill, the transport of contaminants through macropores 
would be reduced due to the presence of the impermeable liner. These improvements 
along with well-equipped local emergency responders could reduce the vulnerability to 
the groundwater of Mammoth Cave. 
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APPENDIX 4 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
May 8, 1994 
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APPENDIX 5 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
May 13, 1994 
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APPENDIX 6 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
June 2, 1994 
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APPENDIX 7 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
June 9, 1994 
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APPENDIX 8 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
June 23,1994 
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APPENDIX 9 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
July 4, 1994 
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APPENDIX 10 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
July 15, 1994 
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APPENDIX 11 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
July 22, 1994 
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APPENDIX 12 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
August 13, 1994 
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APPENDIX 13 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
September 7, 1994 
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APPENDIX 14 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
September 19, 1994 
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APPENDIX 15 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
November 9, 1994 
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APPENDIX 16 
Analysis of passive dye receptors by synchronous scanning 
on a Shimadzu RF-5000 Spectrofluorophotometer 
December 14, 1994 
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APPENDIX 17 
Analysis of water samples on a 
Shimadzu RF-5301 Spectrofluorophotometer 
February 14- 17, 1995 
Dye injections 8 and 9 
Injection Locations E and F 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KY 
Hawkins River 
Dye injected = 6.8 kg Rhodamine WT at 22:45 on 2/14/95 (Loc. E - Inj. 8) 
= 3.2 kg fluorescein at 00:15 on 2/15/95 (Loc. F - Inj. 9) 
Concentration in ppb 
f luorescein Rhodamine W T 
DATE # TIME concentration concentration 
02/14/95 1 20:45 0 0 
02/14/95 2 22:40 0 0 
02/15/95 3 00:20 0 0 
02/15/95 4 02:00 0 0 
02/15/95 5 03:25 0 0 
02/15/95 6 04:55 0 0 
02/15/95 7 06:10 0 0 
02/15/95 8 07:45 0 0 
02/15/95 9 09:00 0 0.09 
02/15/95 10 10:05 0 0.112 
02/15/95 11 12:25 0 0.12 
02/15/95 12 13:00 0 0.195 
02/15/95 13 18:20 0 0.442 
02/15/95 14 23:20 0 0.464 
02/16/95 15 05:40 0 0.337 
02/16/95 16 07:20 0 0.285 
02/16/95 17 08:45 0 0.374 
02/16/95 18 10:30 0 0.202 
02/16/95 19 16:28 0 0.127 
02/16/95 20 19:25 0 0.075 
02/16/95 21 23:35 0 0.082 
02/17/95 22 05:55 0 0 
02/17/95 23 12:35 0 0 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KY 
Logsdon River 
Dye injected = 6.8 kg Rhodamine WT at 22:45 on 2/14/95 (Loc. E - Inj. 8) 
= 3.2 kg fluorescein at 00:15 on 2/15/95 (Loc. F - Inj. 9) 
Concentration in ppb 
f luorescein Rhodamine W T 
DATE # TIME concentration concentration 
02/14/95 1 15:22 0 0 
02/14/95 2 20:50 0 0 
02/14/95 3 22:45 0 0 
02/15/95 4 00:25 0 0 
02/15/95 5 02:05 0 0 
02/15/95 6 03:30 0 0 
02/15/95 7 05:00 0 0 
02/15/95 8 06:15 0 0.275 
02/15/95 9 13:20 0 0.28 
02/15/95 10 16:08 0 0.268 
02/15/95 11 18:35 0.592 0.849 
02/15/95 12 23:40 0.486 0.572 
02/16/95 13 05:50 0.249 0.258 
02/16/95 14 10:45 0.137 0.2 
02/16/95 15 12:45 0.127 0.204 
02/16/95 16 16:40 0.107 0.201 
02/16/95 17 19:45 0.079 0.184 
02/16/95 18 23:55 0.065 0.166 
02/17/95 19 06:20 0.072 0.154 
02/17/95 20 12:50 0.048 0.135 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KY 
Echo River Spring 
Dye injected = 6.8 kg Rhodamine WT at 22:45 on 2/14/95 (Loc. E - Inj. 
= 3.2 kg fluorescein at 00:15 on 2/15/95 (Loc. F - Inj. 9) 
Concentration in ppb 
f luorescein Rhodamine W T 
I DATE # TIME | concentration concentration 
02/14/95 - 22:00 0 0 
02/15/95 1 11:00 0 0 
02/15/95 2 12:11 0 0 
02/15/95 3 13:00 0 0 
02/15/95 4 14:00 0 0 
02/15/95 5 15:00 0 0 
02/15/95 6 16:00 0 0 
02/15/95 7 17:00 0 0 
02/15/95 8 18:00 0 0 
02/15/95 9 19:00 0 0 
02/15/95 10 20:00 0.407 0.075 
02/15/95 11 21:00 1.844 0.15 
02/15/95 12 22:00 2.428 1.033 
02/15/95 13 23:00 1.998 2.584 
02/16/95 14 00:00 1.199 3.108 
02/16/95 15 01:00 0.447 1.722 
02/16/95 16 02:00 0.311 1.221 
02/16/95 17 03:00 0.234 0.876 
02/16/95 18 04:00 0.205 0.629 
02/16/95 19 05:00 0.179 0.562 
02/16/95 20 06:00 0.147 0.494 
02/16/95 21 07:00 0.127 0.442 
02/16/95 22 08:00 0.117 0.337 
02/16/95 23 09:00 0.086 0.3 
APPENDIX 18 
Analysis of water samples on a 
Shimadzu RF-5301 Spectrofluorophotometer 
May 8 - 1 1 , 1995 
Dye injection 10 
Injection Location G 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KENTUCKY 
Logsdon River 
Dye injected = 5.5 kg fluorescein at 06:12 on May 9, 1995 (130) 
Injection 10 - Location G 
fluorescein 
# DATE TIME concentration (ppb) 
1 0 5 / 0 8 / 9 5 1 5 : 3 8 0 
2 0 5 / 0 9 / 9 5 0 6 : 1 2 0 
3 0 5 / 0 9 / 9 5 1 5 : 4 5 1 4 3 . 1 5 
4 0 5 / 0 9 / 9 5 1 6 : 3 0 1 4 5 . 1 7 
5 0 5 / 0 9 / 9 5 1 7 : 0 0 6 1 . 8 4 
6 0 5 / 0 9 / 9 5 1 7 : 3 0 3 8 . 2 
7 0 5 / 0 9 / 9 5 1 8 : 0 0 1 9 . 6 1 
8 0 5 / 0 9 / 9 5 1 8 : 3 0 1 5 . 7 1 
9 0 5 / 0 9 / 9 5 1 9 : 0 0 1 7 . 0 1 
1 0 0 5 / 0 9 / 9 5 1 9 : 3 0 1 6 . 5 8 
11 0 5 / 0 9 / 9 5 2 0 : 0 0 1 7 . 1 6 
1 2 0 5 / 0 9 / 9 5 2 0 : 3 0 2 0 . 1 8 
13 0 5 / 0 9 / 9 5 2 1 : 0 0 2 1 . 3 4 
14 0 5 / 0 9 / 9 5 2 2 : 0 0 2 2 . 9 2 
15 0 5 / 0 9 / 9 5 2 3 : 0 0 2 9 . 8 4 
16 0 5 / 1 0 / 9 5 0 0 : 0 0 2 9 . 9 9 
17 0 5 / 1 0 / 9 5 0 2 : 0 0 3 0 . 5 6 
18 0 5 / 1 0 / 9 5 0 4 : 0 0 2 1 . 9 1 
19 0 5 / 1 0 / 9 5 0 6 : 3 0 1 1 . 6 8 ; 
2 0 0 5 / 1 0 / 9 5 0 8 : 3 0 11 .1 
2 1 0 5 / 1 0 / 9 5 1 0 : 0 0 8 . 9 4 
2 2 0 5 / 1 0 / 9 5 1 2 : 0 0 7 . 6 4 
2 3 0 5 / 1 0 / 9 5 1 4 : 0 5 7 . 7 8 
2 4 0 5 / 1 0 / 9 5 1 7 : 0 0 6 . 9 2 
2 5 0 5 / 1 0 / 9 5 1 8 : 0 0 6 . 7 8 
2 6 0 5 / 1 0 / 9 5 2 0 : 0 0 6 . 6 3 
2 7 0 5 / 1 0 / 9 5 2 2 : 0 0 7 . 5 
2 8 0 5 / 1 1 / 9 5 0 0 : 0 0 7 . 7 8 
2 9 0 5 / 1 1 / 9 5 0 4 : 0 0 1 0 . 0 9 
3 0 0 5 / 1 1 / 9 5 0 8 : 3 0 7 . 7 8 
3 1 0 5 / 1 1 / 9 5 1 3 : 1 5 9 . 9 5 
C A V F C I T Y . W K 4 
APPENDIX 19 
Analysis of water samples on a 
Shimadzu RF-5301 Spectrofluorophotometer 
August 4 - 16, 1995 
Dye injections 11, 12, and 13 
Injection Location E 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KENTUCKY 
HAWKINS RIVER - Injection Location E 
Dye injection 11 - 4 kg Rhodamine WT at 09:55 on August 6, 1995 (249) 
Dye injection 12 - 3.75 kg Fluorescein at 08:15 on August 16, 1995 (259) 
Dye injection 13 2.3 kg Eosine at 16:20 on September 3, 1995 (276) 
dye concentration in ppb 
Date Time Rhod conc. Fluor conc Eosine conc NTU 
08/04/95 22:10 0 0 0 
08/05/95 10:22 0 0 0 
08/05/95 11:22 0 0 0 
08/05/95 12:22 0 0 0 
08/05/95 13:22 0 0 0 
08/05/95 14:22 0 0 0 
08/05/95 15:22 0 0 0 
08/05/95 16:22 0 0 0 
08/05/95 17:22 0 0 0 
08/05/95 18:25 0 0 0 
08/05/95 19:29 0 0 0 
08/05/95 21:22 0 0 0 
08/05/95 22:22 0 0 0 
08/05/95 23:22 0 0 0 
08/06/95 00:38 0 0 0 
08/06/95 01:35 0 0 0 
08/06/95 02:36 0 0 0 
08/06/95 03:38 0 0 0 
08/06/95 04:35 0 0 0 
08/06/95 05:39 0 0 0 
08/06/95 06:35 0 0 0 
08/06/95 07:37 0 0 0 
08/06/95 09:35 0 0 0 
08/06/95 10:33 0 0 0 
08/06/95 11:30 0 0 0 
08/06/95 12:30 0 0 0 
08/06/95 13:30 0 0 0 
08/06/95 14:30 0 0 0 
08/06/95 16:05 0 0 0 
08/06/95 18:44 0 0 0 
08/06/95 21:44 0 0 0 
08/07/95 07:48 0 0 0 
08/07/95 09:34 0 0 0 
08/07/95 11:51 0 0 0 
08/07/95 15:53 0 0 0 
08/07/95 20:55 0 0 0 
08/08/95 00:00 0 0 0 
08/08/95 05:24 0 0 0 
Date J Time Rhod conc. Fluor conc Eosine conc] NTU j 
08/10/95 23:52 0 0 0 
08/11/95 06:30 0 0 0 
08/11/95 17:19 0 0 0 
08/26/95 19:15 0 0 0 
08/31/95 14:05 0 0 0 
09/05/95 15:15 0 0 0 
09/07/95 16:10 0 0 0 
09/13/95 18:50 0 0 0 
09/16/95 14:25 0 0 0 
09/16/95 15:05 0 0 0 
09/16/95 15:30 0 0 0 
09/16/95 16:00 0 0 0 
09/16/95 16:30 0 0 0 
09/16/95 17:00 0 0 0 
09/16/95 17:30 0 0 0 
09/16/95 18:00 0 0 0 
09/16/95 18:30 0 0 0 
09/16/95 19:35 0 0 0 
09/16/95 20:05 0 0 0 
09/16/95 20:30 0 0 0 
09/16/95 21:00 0 0 0 
09/16/95 21:30 0 0 0 
09/16/95 22:00 0 0 0 
09/16/95 22:30 0 0 0 
09/16/95 23:00 0 0 0 
09/17/95 02:00 0 0 o ; 
09/17/95 03:00 0 0 o ! 
09/17/95 06:00 0 0 0 
09/17/95 07:00 0 0 0 
09/17/95 10:00 0 0 0 
09/17/95 11:00 0 0 0 
09/17/95 15:00 0 0 0 
09/17/95 16:00 0 0 o ! 
09/17/95 17:00 0 0 0 
09/17/95 18:00 0 0 0 
09/17/95 19:00 0 0 0 
09/17/95 20:00 0 0 0 
09/17/95 21:00 0 0 0 
09/17/95 22:00 0 0 0 
09/17/95 23:00 0 0 0 
09/18/95 03:00 0 0 0 
09/18/95 06:00 0 0 0 
09/18/95 07:00 0 0 0 ! 
09/18/95 08:00 0 0 0 
09/18/95 09:00 0 0 0 
Date Time Rhod conc. Fluor conc] Eosine conc NTU | 
09/18/95 10:00 0 0 0 
10/01/95 16:00 0 0 0 
10/03/95 17:05 0 0.069 0 
10/03/95 22:45 0 0.732 0 
10/03/95 23:30 0 0.738 0 
10/04/95 00:00 0 0.753 0 
10/04/95 01:00 0 0.764 0 
10/04/95 03:00 0 0.898 0 
10/04/95 07:00 0 0.866 0 
10/04/95 10:00 0 1.158 0 
10/04/95 17:45 0 1.436 0 0.8 
10/04/95 19:00 0 1.393 0 0.6 
10/04/95 20:00 0 1.395 0 0.6 
10/04/95 21:00 0 1.412 0 0.7 
10/05/95 00:00 0 1.497 0 0.8 
10/05/95 02:00 0 1.885 0 0.7 
10/05/95 05:00 0 1.9 0 j 0.9 
10/05/95 06:00 0 2.17 0 I 0.8 
10/05/95 07:00 0 2.165 0 | 0.8 
10/05/95 08:00 0 2.102 0 ! 0.9 
10/05/95 09:00 | 0 1.883 0 i 1.6 
10/05/95 10:00 0 1.605 0 | 45 
10/05/95 11:00 0 1.463 o ; 101 
10/05/95 12:00 0 0.349 0 71 
10/05/95 14:00 0 0.192 0 46 
10/06/95 00:00 0 0.122 0 47 
10/06/95 03:30 i 0 0 0.924 ! 45 
10/06/95 07:00 0 0 0.786 33 
10/06/95 11:00 0 0 1.136 21.9 
10/06/95 12:00 0 0 1.174 | 25.7 
10/06/95 15:50 I 0 0 1.216 i 18.7 
10/06/95 19:15 | 0 0 1.161 j 16.3 
10/06/95 21:00 0 0 1.196 I 16.6 
10/06/95 23:00 0 0 1.182 | 18.4 
10/07/95 02:30 0 0 1.127 | 13.6 
10/07/95 07:00 0 0 1.028 ! 11.8 
10/07/95 10:30 0 0 0.992 | 9.6 
10/07/95 20:33 0 0 0.882 I 27.3 
10/08/95 11:45 0 0 0.959 i 15.6 
10/08/95 17:10 0 0 0.856 | 12.3 
10/09/95 11:58 0 0 0.75 ! 15.5 
10/10/95 12:35 0 0 0.601 ! 13.1 
10/12/95 16:10 0 0 0.709 12.1 
10/14/95 16:30 ; 0 0 0.423 
10/16/95 14:44 0 0 0.227 
QUANTITATIVE DYE TRACE - HAZ MAP 
MAMMOTH CAVE, KENTUCKY 
LOGSDON RIVER - Injection Location E 
Dye injection 11 - 4 kg Rhodamine WT at 09:55 on August 6, 1995 (249) 
Dye injection 12 - 3.75 kg Fluorescein at 08:15 on August 16, 1995 (259) 
Dye injection 13-2 .3 kg Eosine at 16:20 on September 3, 1995 (276) 
dye concentration in ppb 
Date Time Rhod conc. Fluor conc Eosine concj Turbidity NTU 
08/04/95 22:15 0 0 0 
08/05/95 08:20 0 0 0 
08/05/95 10:25 0 0 0 
08/05/95 11:26 0 0 0 
08/05/95 12:24 0 0 0 
08/05/95 13:26 0 0 0 
08/05/95 14:24 0 0 0 
08/05/95 15:26 0 0 0 
08/05/95 16:26 0 0 0 
08/05/95 17:26 0 0 0 
08/05/95 18:30 0 0 0 
08/05/95 19:33 0 0 0 
08/05/95 20:24 0 0 0 
08/05/95 21:26 0 0 0 
08/05/95 22:26 0 0 0 
08/05/95 23:26 0 0 0 
08/06/95 00:35 0 0 0 
08/06/95 01:40 0 0 0 
08/06/95 02:31 0 0 ! 0 
08/06/95 03:35 0 0 I 0 
08/06/95 04:39 0 0 | 0 
08/06/95 05:35 0 0 0 
08/06/95 06:30 0 0 0 
08/06/95 07:33 0 0 0 
08/06/95 08:34 0 0 0 
08/06/95 09:40 0 0 0 
08/06/95 10:36 0 0 0 
08/06/95 11:34 0 0 0 
08/06/95 12:34 0 0 0 
08/06/95 13:34 0 0 0 
08/06/95 14:34 0 0 0 
08/06/95 16:08 0 0 0 
08/06/95 18:47 0 0 0 
08/06/95 21:48 0 0 0 
08/07/95 00:03 0 0 0 
08/07/95 03:48 0 0 0 
08/07/95 07:51 0 0 0 
08/07/95 09:38 0 0 o ; 
Date Time Rhod conc. Fluor conc Eosine conc j Turbidity NTU | 
08/07/95 11:58 0 0 0 
0 8 / 0 7 / 9 5 1 5 : 5 7 0 0 0 
0 8 / 0 7 / 9 5 2 0 : 5 9 0 0 0 
0 8 / 0 8 / 9 5 0 5 : 2 8 0 0 0 
0 8 / 1 0 / 9 5 2 3 : 5 6 0 0 0 
0 8 / 1 1 / 9 5 0 6 : 3 5 0 0 0 
0 8 / 1 1 / 9 5 1 7 : 2 3 0 0 0 
0 8 / 2 6 / 9 5 1 9 : 1 0 0 0 0 
0 8 / 3 1 / 9 5 1 4 : 0 8 0 0 0 
0 9 / 0 5 / 9 5 1 5 : 1 8 0 0 0 
0 9 / 0 7 / 9 5 1 6 : 0 5 0 0 0 I 
0 9 / 1 3 / 9 5 1 8 : 4 5 0 0 0 i 
0 9 / 1 5 / 9 5 1 4 : 2 5 0 0 0 
0 9 / 1 5 / 9 5 1 5 : 0 5 0 0 o 
0 9 / 1 5 / 9 5 1 5 : 3 0 0 0 0 ! 
0 9 / 1 5 / 9 5 1 6 : 0 0 0 0 0 ! 
0 9 / 1 5 / 9 5 1 6 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 1 7 : 0 0 0 0 0 
0 9 / 1 5 / 9 5 1 7 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 1 8 : 0 0 0 0 0 
0 9 / 1 5 / 9 5 1 8 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 1 9 : 3 5 0 0 0 
0 9 / 1 5 / 9 5 2 0 : 0 5 0 0 0 
0 9 / 1 5 / 9 5 2 0 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 2 1 : 0 0 0 0 0 
0 9 / 1 5 / 9 5 2 1 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 2 2 : 0 0 0 0 0 
0 9 / 1 5 / 9 5 2 2 : 3 0 0 0 0 
0 9 / 1 5 / 9 5 2 3 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 0 2 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 0 3 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 0 6 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 0 7 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 0 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 1 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 5 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 6 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 7 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 8 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 1 9 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 2 0 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 2 1 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 2 2 : 0 0 0 0 0 
0 9 / 1 6 / 9 5 2 3 : 0 0 0 0 0 
0 9 / 1 7 / 9 5 0 3 : 0 0 0 0 0 
Date Time Rhod conc. Fluor conc Eosine conc Turb id i ty N T U 
09/17/95 06:00 0 0 0 
09/17/95 07:00 0 0 0 
09/17/95 08:00 0 0 0 
09/17/95 09:00 0 0 0 
09/17/95 10:00 0 0 0 
10/01/95 16:00 0 0 0 
10/03/95 17:05 0 0 0 
10/03/95 22:45 0 0 0 
10/03/95 23:30 0 0 0 
10/04/95 00:00 0 0 0 
10/04/95 01:00 0 0 0 
10/04/95 03:00 0 0 0 
10/04/95 07:00 0 0 0 
10/04/95 10:00 0 0 0 
10/04/95 17:45 0 0 0 0.6 
10/04/95 19:00 0 0 0 0.7 
10/04/95 20:00 0 0 0 0.6 
10/04/95 21:00 0 0 0 1.1 
10/04/95 22:30 0 0 0 1.1 
10/05/95 00:00 0 0 0 I 0.8 
10/05/95 02:00 0 0 0 | 0.9 
10/05/95 05:00 0 0 0 | 0.9 
10/05/95 06:00 0 0 0 | 0.8 
10/05/95 07:00 0 0 0 ! 1 
10/05/95 08:00 0 0 0 I 0.9 
10/05/95 09:00 0 0 0 | 9.8 
10/05/95 l 10:00 0 0 0 ! 87 
10/05/95 11:00 0 0 0 j 160 
10/05/95 12:00 0 0 0 : 176 
10/05/95 14:00 0 0 0 : 168 
10/05/95 15:00 0 0 0 | 166 
10/05/95 16:00 0 0 0 128 
10/05/95 17:00 0 0 0 ! 87 
10/06/95 00:00 0 0 0 j 56 
10/06/95 03:30 0 0 0 | 48 
10/06/95 • 07:00 0 0 0 ! 41 
10/06/95 11:00 0 0 0 30.8 
10/06/95 12:00 0 0 0 24.8 
10/06/95 15:50 0 0 0 23.5 
10/06/95 19:15 0 0 0 19 
10/06/95 21:00 0 0 0 18.3 
10/06/95 23:00 0 0 0 19.7 
10/07/95 02:30 0 0 0 15.1 
10/07/95 07:00 0 0 0 13.3 
10/07/95 10:00 0 0 0 12.5 
Date Time Rhod conc. Fluor conc Eosine conc Turbidity N T U ] 
10/07/95 20:33 0 0 _ j 0 
10/08/95 11:45 0 0 0 
10/08/95 17:01 0 0 0 
10/09/95 11:58 0 0 0 
10/10/95 12:35 0 0 0 12.1 
10/14/95 16:30 0 0 0 
10/16/95 14:44 0 0 0 
APPENDIX 20 
Sequential soil types encountered along 1-65 
from the USDA soil atlas maps 
SEQUENTIAL SOIL DATA ALONG 1-65 FROM SOIL ATLAS MAPS 
COUNTY SOIL TYPE SLOPE NUMBER RATE 
WARREN CO Ba D 1 15 
W A R R E N CO Ba C 2 15 
WARREN CO Ba D 3 15 
WARREN CO Me 4 36 
W A R R E N CO La 5 300 
WARREN CO Nh A 6 30 
BARREN CO Sa C2 7 171 
BARREN CO Cr B 8 30 
BARREN CO Ta 9 316 
BARREN CO Tc C3 10 316 
BARREN CO Cr B 11 30 
BARREN CO Tc C3 12 316 
BARREN CO Ba B 13 15 
BARREN CO Tc C3 14 316 
BARREN CO Sa A 15 171 
BARREN CO Mo B 16 24 
EDMONSON CO Cr B2 17 30 
EDMONSON CO Ba D3 18 15 
EDMONSON CO No 19 30 
EDMONSON CO Ba C2 20 15 
EDMONSON CO Cr B1 21 30 
EDMONSON CO Ba C2 22 15 
EDMONSON CO No 23 30 
EDMONSON CO Cr C2 24 30 
EDMONSON CO Cr B 25 30 
EDMONSON CO Ba C2 26 15 
EDMONSON CO Ba D2 27 15 
EDMONSON CO Cr B 28 30 
EDMONSON CO Ba D2 29 15 
EDMONSON CO Pb B2 30 36 
EDMONSON CO Ba D2 31 15 
EDMONSON CO Ba C 32 15 
EDMONSON CO Ba D2 33 15 
EDMONSON CO Ba C2 34 15 
EDMONSON CO Ba D2 35 15 
EDMONSON CO Ba C2 36 15 
BARREN CO Ct D2 37 36 
SOIL1.WK4 
COUNTY SOIL TYPE SLOPE NUMBER RATE 
BARREN CO Ct C2 38 36 
BARREN CO Ct D2 38 36 
BARREN CO Ct B2 39 36 
BARREN CO Ct C2 40 36 
BARREN CO Ct B2 41 36 
BARREN CO Ct C2 42 36 
BARREN CO Ct B2 43 36 
BARREN CO Pb B 44 36 
BARREN CO Fr C3 45 30 
BARREN CO Cc D3 46 30 
BARREN CO Ce D2 47 80 
BARREN CO Ca D2 48 30 
BARREN CO Ce 49 80 
BARREN CO Ch D3 50 80 
BARREN CO Ce C2 51 80 
BARREN CO Ch D3 52 80 
BARREN CO Fr C3 53 30 
BARREN CO Ro 54 
BARREN CO Cm C3 55 80 
BARREN CO Ro 56 
BARREN CO Pe C3 57 36 
BARREN CO Cm C3 58 80 
BARREN CO Ca D2 59 30 
BARREN CO Fr C3 60 30 
BARREN CO Ro 61 
BARREN CO Ca D2 62 30 
BARREN CO Cc D3 63 30 
BARREN CO Pe C3 64 36 
BARREN CO Fd D2 65 30 
BARREN CO Cc D3 66 30 
BARREN CO St 67 36 
BARREN CO Cc D3 68 30 
BARREN CO St 69 36 
BARREN CO Cc D3 70 30 
BARREN CO Ce C2 71 80 
BARREN CO Ch C3 72 80 
BARREN CO Pe C3 73 36 
BARREN CO Cm C3 74 80 
BARREN CO Pe C3 75 36 
S0IL1.WK4 
COUNTY SOIL TYPE SLOPE NUMBER RATE 
BARREN CO St 76 36 
BARREN CO Pe C3 77 36 
BARREN CO Fr C3 78 30 
BARREN CO Pe C3 79 36 
BARREN CO St 80 36 
BARREN CO Pe C3 77 36 
BARREN CO Fr C3 81 30 
BARREN CO Ro 82 
BARREN CO Fd D2 83 30 
BARREN CO Ha 84 36 
BARREN CO Fd D2 85 30 
BARREN CO Fr C3 86 30 
BARREN CO Cm C3 87 80 
BARREN CO Pb B 88 36 
BARREN CO CI C2 89 80 
BARREN CO Fr C3 90 30 
BARREN CO CI C2 91 80 
BARREN CO Fr C3 92 30 
BARREN CO Ca D2 93 30 
BARREN CO Tb C2 94 60 
BARREN CO No C3 95 30 
BARREN CO Cc D3 96 30 
BARREN CO Fd D2 97 30 
BARREN CO Ha 98 36 
BARREN CO No C2 99 30 
BARREN CO Cc D3 100 30 
BARREN CO Fd D2 101 30 
BARREN CO Ha 102 36 
BARREN CO No C2 103 30 
BARREN CO Ct B2 104 36 
BARREN CO St 105 36 
BARREN CO Ct B2 106 36 
BARREN CO W 107 
BARREN CO Cu C3 108 36 
BARREN CO Cr B 109 30 
BARREN CO Ct C2 110 36 
BARREN CO Cr B 111 30 
BARREN CO Cu C3 112 36 
BARREN CO Cr B 113 30 
S0IL1.WK4 
COUNTY SOIL TYPE SLOPE NUMBER RATE 
BARREN CO Ct B2 114 36 
BARREN CO Cr B 115 30 
BARREN CO Pb B 116 36 
BARREN CO Ct C2 117 36 
BARREN CO W 118 
BARREN CO Ct C2 119 36 
BARREN CO No C2 120 30 
BARREN CO Ct C2 121 36 
BARREN CO No C2 122 30 
BARREN CO Ca D2 123 30 
BARREN CO Ro 124 
BARREN CO Cc D3 125 30 
BARREN CO Ca D2 126 30 
BARREN CO Fd D2 127 30 
BARREN CO Pb C2 128 36 
BARREN CO Fr C3 129 30 
BARREN CO Pb C2 130 36 
BARREN CO Pb B 131 36 
BARREN CO Fr C3 132 30 
BARREN CO Pb C2 133 36 
BARREN CO St 134 36 
BARREN CO Pb C2 135 36 
BARREN CO No B 136 30 
BARREN CO Ct D2 137 36 
BARREN CO CI B 138 80 
BARREN CO Pb C2 139 36 
S0IL1.WK4 
APPENDIX 21 
Data f rom soil drainage rate field testing 
DATA SHEET FOR SOIL DRAINAGE RATE EXPERIMENT 
Sinkhole Identification I-65.-7LJ Date 6/3/95 Sinkhole class: Swale 
Soil Type - Baxter Silt Loam Soil perc. rate = 1.5 to 5.1 cm/hr 
Tube # Start Time End Time Time (min) cm drop cm/hr notes 
1 07:18:50 08 11:00 00:52:10 0.25 0.29 Some signs of ponding was noted during 
2 07:19:42 08 11:50 00:52:08 4.32 4.97 drainage rate testing. Three weeks later, there 
3 07:20:40 08 12:25 00:51:45 19.81 22.97 were no signs of ponding. All of the dead looking 
4 07:21:50 08 13:10 
13:55" 
00:51:20 
" 00:51:03 
4.32 
" 0.51 
5.05 
" 0 M 
plants were green again. 
5 07:22:52 08 
1 
• 
: 
I 
_ _.. | 
min rate= 0.25 cm/hr 
max rate= 19.81 cm/hr 
RATE1M.WK4 
DATA SHEET FOR SOIL DRAINAGE RATE EXPERIMENT 
Sinkhole Identification I-65-8A Date 6/3/95 Sinkhole class: Swale 
Soil Type - Baxter Silt Loam Soil perc. rate = 1.5 to 5.1 cm/hr 
Tube # I Start Time End Time 
07:49:35 
" 08:00:00 
Time (min) 
00:03:10 
00:13:00 
cm drop 
30.48 
21.59 
cm/hr notes 
6 
r 7 
07:46:25 
07:47:00 
577.52 
99.65 
Swale has a new sinkhole collapse at end of ditch 
collapse seems to be a repaired collapse and is ! 
8 07:48:55 08:03:00 00:14:05 6.86 29.23 only 10' from the emergency lane of the interstate. 
! 9 07:50:55 08:07:05 00:16:10 21.59 80.13 ; 
[ 10 07:52:20 08:04:00 00:11:40 0.64 3.29 
... _ 
— 
i 
i 
min rate= 3.28 cm/hr 
max rate=577.52 cm/hr 
RATE2M.WK4 
DATA SHEET FOR SOIL DRAINAGE RATE EXPERIMENT 
Sinkhole Identification J-65-2_1_A Date 6/5/95 Sinkhole class: unclassified 
Soil Type - Strasser Silt Loam Soil perc. rate = 1.5 to 5.1 cm/hr 
I Tube # Start Time End Time Time (min) cm drop cm/hr notes I 
! 1 05:56:30 06:38:10 00:41:40 0.25 0.36 Soil was real hard - cow hoof imprints all over field. 
2 05:57:12 06:38:50 00:41:38 0.25 0.36 Area shows signs of temporary pondage. 
I 3 05:57:50 06:39:40 00:41:50 0.25 0.36 
! 4 05:58:00 06:40:10 00:42:10 0.25 0.36 i 
! 5 06:00:20 06:41:20 00:41:00 0.25 0.37 
6 06:03:15 06:42:10 
06:43:00 
~ 06:43:50 
00:38:55i 
00:38:00 
00:35:40 
0.25 
0.25 
0.5 
0.39 
0.39 7 06:05:00 
r 8 I 06:08:10 0.84 j 
9 06:08:50 06:44:30 00:35:40 0.5 0.84 
10 06:10:40 06:45:00 00:34:20 0.25 0.44 
i i 
min rate = .36 cm/hr 
max rate =.84 cm/hr 
RATE3M.WK4 
DATA SHEET FOR SOIL DRAINAGE RATE EXPERIMENT 
Sinkhole Identification 1-65-18 B Date 6/5/95 Sinkhole class: V 
Soil Type - Crider Silt Loam Soil perc. rate = 1.5 to 5.1 cm/hr 
Tube # Start Time End Time Time (min) cm drop cm/hr notes 
1 06:58:10 07:48:52 00:50:42 0.76 0.90 Area is a dry manmade pond that no longer holds | 
2 07:00:20 07:45:45 00:45:25 0.25 0.33 water. No signs of pondage or collapse. 
3 07:02:00 07:43:40 00:41:40 6.86 9.88 
4 07:04:00 07:44:20 00:40:20 6.35 9.45 ; 
5 07:14:40 07:50:50 00:36:10 0.51 0.85 
6 06:46:00 07:49:20 01:03:20 0.25 0.24 
7 06:47:50 07:48:00 01:00:10 11.68 11.65 
8 06:50:08 07:46:42 00:56:34 10.8 11.46 
9 06:51:30 07:45:10 00:53:40 0.25 0.28 
10 06:53:10 07:42:52 00:49:42 6.35 7.67 
11 07:14:55 07:51:20 00:36:25 2.79 4.60 
12 07:16:15 07:52:2b1 00:36:05 0.25 0.42 
min rate = .24 cm/hr 
max rate =11.65 cm/hr 
RATE4M.WK4 
| LEGEND j 
BASIN DRAINAGE DIVIDE ^ 
— — SUB-BASIN DRAINAGE DIVIDE 
\ 
mmmmmm HAZ-MAP DYE TRACES v< 
) \ 
h HIGH FLOW/OVERFLOW DYE TRACE ^ 
1„ PREVIOUS DYE TRACES V 
- ^ E S * * ^ - * MAPPED CAVE PASSAGE | 
_ _ — — — — — — — — — — . 
Flow routes as determined by dye traces and suggested by ) 
potent'ometric contours on base map. Junctions are inferred and 
approximated dye resurgences in cave passages indicated with a 
dashed line. The basin drainage divides are approximated from water (table contouring and dye traces by Quintan and Ray, 1981, "Groundwater Basin in the Mammoth Cave Region, Kentucky. The drainage divides were pinpointed along I-65 from dye traces performed by Stephen Capps, Western Kentucky University, Department Geology and Geography, during 1994-5 for the Mammoth Cave Hazard Mapping I 
Project. I 
Sources: I 
Dye traces and groundwater basin delineation: Quinlan and Ray, ,4 
1981, "Groundwater Basin in the Mammoth Cave Region, Kentucky". % 
Base Map: "Caves of the Dripping Springs Escarpment". Cave W 
map line plot compilation: Don Coons, 1994. Cave Mapping ^ 
Organizations: Central Kentucky Cave Survey (WKU), Central Kentucky ^ 
Karst Coalition, Cave Research Foundation, Detroit Urban Grotto, Hart ;C 
County Boys, James Cave Project, Louisville Grotto, National Park f-i-, 
Service, and Upland Research Lab. 
Dye trace summary, groundwater basin divides, and additional § | 
cartography by Stephen Capps, Western Kentucky University, 
I Department Geology and Geography, 1996. r ; 
W PLATE 1 
| GROUNDWATER BASINS AND DYE TRACES IN THE VICINITY 
J OF MAMMOTH CAVE NATIONAL PARK, KENTUCKY. 
:S( J i . ; 7 
